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SUMMARY

A Generalized Advanced Propeller Analysis System (GAPAS) has been
developed under NASA Lewis Research Center Funding to provide a unified
propeller analysis capability for analyzing advanced technology propellers.
The technology areas incorporated in GAPAS include propeller aerodynamic
performance, airfoil loading, acoustics, and structural analysis. These
propeller analysis tools include the most fully developed technologies in a
modular but unified system. GAPAS will treat multibladed propellers having
straight or swept blades operating on aircraft up to Mach 0.8 and altitudes
to 40,000 feet (12 km).

As verification of the analysis system, GAPAS has been used to analyze
two propellers. The first is the SR-3 propeller operating at Mach 0.8 and
is characteristic of an advanced technology propeller for application to
high speed transport aircraft. The second is the Hartzell H101/16 propeller
operating at Mach 0.35 and is characteristic of a General Aviation
propeller. The results of these calculations are compared with available
data. Current model limitations are discussed as well as recommendations
for model improvements and additional verification requirements.
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1. INTRODUCTION

The Propeller Research Program being pursued by NASA has the potential
to exert a significant impact on the design of future subsonic aircraft.
The potential gains in fuel economy with propeller propulsion will allow
these aircraft to expand their role in an era of dwindling energy
resources. TRW has been supporting NASA in these efforts through the
development of a Generalized Advanced Propeller Analysis System (GAPAS).

The objective of the GAPAS program is the development of a unified
analysis system applicable to advanced propellers for a wide range of
applications. The range of operating conditions and parameters are
described as follows: (1) M < 0.8, (2) 7 < altitude € 40K ft (12 km), (3)
100 < SHP < 6000, (4) 2 < blade diameter < 15 ft (0.6-4.6 m), (5) 2 ¢
number of blades < 8, (6) 09 < sweep angles < 450, (7) 600 < tip velocity ¢
850 ft/s (180-260 m/s). 1In addition, GAPAS is to have the capability of
analyzing metal or composite material blades of solid or spar-shell
construction.

The guidelines followed in meeting the basic requirements of GAPAS
were that state-of-the-art analysis tools would be used, where available,
and that advanced state-of-the-art techniques would be developed for those
capabilities that were either nonexistent or where current methods were
found to be inappropriate. In addition, these existing analytical tools
were not to be company proprietary. The analysis tools to be incorporated
into the GAPAS program were to encompass the areas of (1) aerodynamics, (2)
acoustics, (3) structures, and (4) aeroelasticity. One of the primary
requirements of the GAPAS software architecture was the modular design of
the system in order that different parts of the analysis system could be
developed, operated, modified or replaced independently from the rest of
the analysis system. An additional requirement was to allow GAPAS to
operate in either a performance mode, i.e., a given propeller would be
analyzed to predict the aerodynamic, structural, acoustic, and aeroelastic
performance or in a limited design mode, i.e., the propeller would be
optimized from an aerodynamic standpoint, subject to both acoustic and
structural/aeroelastic constraints.
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The required interaction between the various disciplines durihg both
analysis and design modes of operation can be seen in Figures 1-1 through
1-3. In the performance mode of operation, the propeller performance and
loading calculations are performed first, after which the resulting loading
is input to the structural, aeroelasticity and acoustic analysis codes. 1In
the iterative pass functional description shown in Figure 1-2, the effect
of finite steady-state deflections are accounted for by modifying the
original propeller geometry. The procedure is repeated between aerodynamic
and structural modules until convergences occur. At this point, the
results are used in both acoustic, and aeroelastic stability and response
analyses.

In the design mode (Figure 1-3) the basic interactive capability
between aerodynamics and structures still exists. However, capabilities
must be included for modifying airfoil thickness-to-chord ratio (t/c), as
well as skin thickness, in order to accommodate both stress and frequency
requirements. Thus, the Tooping back to the aerodynamic branch must now
occur in order to account for changes in t/c, in addition to the deflection
effects. Once convergence is achieved, an aeroelasticity analysis is
performed in order to determine both aeroelastic stability and response.

Although both the performance and design modes have been discussed,
the current version of GAPAS addresses only the single pass mode for solid
propellers (Figure 1-1). The capability for analyzing composite propellers
as well as the incorporation of both the iterative pass and design modes
will be considered for future upgrades to the existing version of GAPAS.

The overall strategy in the development of GAPAS is shown in Figure
1-4. It is divided into five separate tasks. Task 1 consists of the
review and evaluation of existing analysis procedures used in the
calculation of aerodynamic, acoustic, structural and aeroelastic
performance of advanced propellers operating in the range of conditions
previously described. The evaluation procedures were based on such key
items as: (1) degree of sophistication, (2) accuracy, (3) computational
efficiency, (4) user friendliness, (5) availability of documentation, and
(6) ease of modification. In addition, this task also involved the review
and evaluation of existing procedures which were appropriate for
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incorporation of the analyses tools into a unified system. Some of the
evaluation factors considered were capabilities for: (1) modular design,
(2) interaction of individual modules occurring only through the procedural
system, (3) data base management system for transfer of information between
modules, (4) program software adaptable to generally available computers,
(5) user control in batch or interactive modes, and (6) ability to operate
in either a performance mode or a design mode. At the completion of Task
1, the selection of specific analysis tools to be incorporated in GAPAS, as
well as the choice of the procedural system for unifying these analysis
tools, was made.

After selection of analysis tools and procedural system, a
concentrated effort on Tasks 2 and 3 was initiated. Task 2 encompassed the
modification of existing analysis tools recommended from Task 1, as well as
the development of analysis capabilities for those analytical tools that
were previously unavailable. In addition, verification of individual
modules was also performed. Task 3 involved the formulation of a logical
framework used to unify the analysis tools, including the specification of
all required interaction between modules. In addition, input/output
procedures were developed to ensure that the common data flow required for
different modules would be performed in an efficient manner. The
capability for obtaining intermediate results at various stages of the
calculation procedure was also included. This was necessary in order to
allow for potential modifications of the analytical tools during the
calculation procedure. Rather than rerun the entire procedure afterward, a
restart capability was also included at key points in the procedure.

After completion of Tasks 2 and 3, the integration of the individual
modules was performed. During the course of the integration task, it
became apparent that, from the standpoint of both resources and schedule,
the capability for the performance and design modes of operation could not
be implemented. Therefore, it was decided to incorporate only the single
pass performance mode into the prototype version of GAPAS and include the
design mode in a later version. After incorporation of the analytic tools
necessary for use in the performance mode was completed, Task 5, the
verification and installation of GAPAS on the NASA Langley Computer, was
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initiated. During this task, two propellers were analyzed; one, typical of
a high speed commuter aircraft (SR-3 propeller) and the other, typical of a
general aviation aircraft (Hartzell 101/16 propeller).

This final report is divided into seven sections. Sections 2, 3, 4,
and 5 describe Tasks 1, 2, 3, and 4, respectively. Section 6 describes the
results of the verification study and comparison with available data.
Section 7 discusses recommendations for future work, including additional
calculations necessary for further verification, as well as module
improvements, and the need for experimental data to aid in the
verification.
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2. TASK 1: EVALUATION OF ANALYSIS PROCEDURES

This chapter discusses the evaluation task required to select analysis
procedures for incorporation into GAPAS.

2.1 GUIDELINES FOR EVALUATION OF ANALYSIS PROCEDURES

Prior to the selection of the appropriate analysis procedures, it was
necessary to establish a formal set of evaluation criteria based on the
stated objectives and requirements of GAPAS. In general, the evaluation
was based on the modeling analyses, solution methodology, and available

computer program.

The analytical modeling was evaluated based on rigor, sophistication,
comparisons with data, and flight regimes of applicability to GAPAS. The
technical requirements satisfied and not satisfied were delineated.
Potential modifications to extend the analytical modeling were identified.
The additional technical effort required, the payoff in terms of added
technical requirements satisfied, and risks which could affect success were
also determined.

The numerical solution methodology was evaluated for efficiency, and
alternate approaches were identified. Alternate approaches were assessed
for amount of effort required, the payoff in terms of efficiency (savings
in storage requirements, computer time, and improvements in reliability),
and the risks involved in successfully achieving an alternate solution
approach.

The computer program had many characteristics that needed to be
identified and assessed for compatibility with GAPAS requirements. These
included program language, computer system compatibility, execution time,
disc file requirements, overlays, input format, output format, etc. The
existence and adequacy of code documentation (including a user's manual),
the reliability of successful execution, the degree of user familiarity
required for application, and the amount of effort required to achieve
compatibility with GAPAS code requirements were also determined. Finally,
the effort required to implement modifications in the modeling analysis
and/or numerical solution approach was evaluated.
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This evaluation approach to the analysis procedures is summarized and
illustrated in Figure 2.1-1,

It is evident that these evaluations not only provide technical
assessment of the current procedure, but also an assessment of potential
modifications, i.e., work required, benefits to GAPAS, cost, and risks.
This data was needed to provide a basis for the selection of procedures to
be recommended to NASA at the end of Task 1. The evaluation of each
analysis procedure is described in Section 2.2.

2.2 EVALUATION OF INDIVIDUAL ANALYSIS PROCEDURES

The analysis procedures necessary to satisfy the GAPAS objectives fall
into seven specific categories. These are (1) propeller geometry
generation, (2) aircraft flowfield effects on propeller performance, (3)
propeller aerodynamic performance, (4) airfoil loading distributions, (5)
propeller acoustic performance, (6) propeller structural analysis, and (7)
propeller aeroelastic and structural dynamics. Each category is considered
a separate module in GAPAS.

2.2.1 Geometry Generator Module

2.2.1.1 Summary of Requirements

The geometry generator module is necessary to define the shape of the
propeller and to calculate quantities that are passed to the aircraft flow
field, propeller performance, airfoil loading, acoustics, structures and
aeroelasticity modules through the data base.

The geometry generator module should be applicable in both the
“performance mode" and the "design mode". In the performance mode, the
blade geometry is specified, whereas in the design mode, the sweep, twist,
and thickness distributions are determined as part of the optimization and
structural analyses procedures. Therefore, in the design mode it is
preferable to keep the original propeller geometry (which would correspond
to the first guess) as well as a file for the "current geometry", which
would be the "original geometry" modified by sweep, twist, and thickness
(i.e., for the latest iteration).
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The geometry generator module should specify the external (and, if
applicable, the internal) coordinates of the blade section geometry in at
least three cartesian coordinate systems. The coordinate systems are: (1)
local coordinate system (LCS), which lies in a plane sliced through the
propeller at an arbitrary angle, wherein x =0, y = 0 corresponds to the
leading edge of the airfoil section (Figure 2.2-1); (2) a global coordinate
system fixed to the propeller blade (GCS-1) and designated by X'Y'Z'
coordinates (Figure 2.2-2). Here, the Z' axis lies along the pitch change
axis (PCA), the Y' axis is forward along the axis of rotation, and the X'
axis orthogonal to both Y' and Z' axes and in the direction as determined
by the right-hand rule; (3) a second global coordinate system (GCS-2) which
is fixed in space (Figure 2.2-2) and has coordinates XYZ. The GCS-1 and
GCS-2 are identical when the propeller is at the 12 o'clock position (¢ =
0). The angle ¢ is measured in the CCW direction of rotation. The GCS-2
is necessary when the flow field in the propeller plane is nonuniform in
the azimuthal direction (0<¢<2r).

The geometry generator module will be used by the aerodynamic,
acoustics and structural modules. Because each of these analyses require
different output from the geometry generator module, a 1ist of input and
the required output for each different module is described below.

Input: The input parameters to the geometry generator module should

include at least:

(1) Number of input stations along the PCA wherein the propeller
blade geometry is specified. (A minimum of 12 for the
performance mode and 5 for the design mode) = Nj

Corresponding to each Nj
(2) Distance along PCA = Rj/R, where R is the propeller radius

(3) Chord length = c/R, where c is the longest chord length

(4) Maximum thickness to chord ratio = (t/c)
(5) Blade pitch angle = g (degrees)
(6) Horizontal reference axis height = Ha/R

01-154-86 2-4
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(7)
(8)

(9)
(10)

(11)

(12)

(13)

(14)

(15)

Leading edge alignment = LEA/c

Coordinates of the upper and lower surfaces in the LCS = (x /c,
y /c). If specifying a family of airfoils, specify the equations
of cam?er and thickness (or in case of Clark Y, specify thickness
orC ).

L

D

Center of gravity location in the LCS = (x /c) C.g.: (y /c)c.g.

Number of stations where airfoil blade section geometry is
required to be output = Ny

Distance along the PCA corresponding to each of the Nj
locations = Rg/R

Flag indicating whether output is required for airfoil loading,
acoustics or structural analyses

Equation of the arbitrary line (expressed in GCS-1) or the X'Y'Z'
coordinates of the arbitrary line (expressed in GCS-1) through
which planes normal to this line will be constructed that slice
through the propeller blade.

Number of azimuthal stations (in GCS-2) where the coordinates of
the leading and trailing edge of the airfoil section are required
(i.e., 36 for 100 spacing in ¢).

Flag describing distribution of the type of propeller structure.

Calculations: Parameters that are to be calculated in the geometry

generator module are

(1)
(2)
(3)
(4)
(5)

(6)

(7)

01-154-86

Center of gravity location in the LCS

Cross-sectional area of airfoil section

Moments of inertia (Ix, Ixy, ly, J) in the LCS

Transformation of (1) and (3) to the GCS-1

Using spline fits, obtain leading and trailing edge coordinates
in the GCS-2 for each of the desired airfoil sections at the
required ¢ locations.

Sweep angle, defined as the angle between the PCA and the tangent
to the leading edge or the tangent to the mid-chord (include both
computations). See Figure 2.2-3.

If camber and thickness are input (either in equation or table
format), compute the airfoil coordinates in both LCS and GCS-1.
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(8)

The coordinates of the airfoil geometry in the plane
perpendicular to the arbitrary line specified in the input.
These coordinates should be in both the LCS and GCS-1. For the
aerodynamic module, this 1ine will be either the leading edge or
the mid-chord. For the acoustic module, the line will be the
pitch change axis. However, in the structural module this line
cannot be specified a priori, but must be computed. This
computation requires interaction with the geometry generator
module as proposed in Section 2.2.1.2.

Qutput: Parameters that are required to be output will depend on

which of

the modules (airfoil loading, acoustics, or structures) are using

the geometry generator module. Listed below are the output parameters

required for each of the three modules accessing the geometry generator
module. Output variables should be in nondimensional form, consistent with
the input.
a. Aerodynamics: For each of the required output stations:
(1) Radius measured along the PCA corresponding to the airfoil
section to be output = Ry/R
(2) Coordinates of the airfoil section in the plane normal to the
specified line (either leading edge or mid-chord, see Figure
2.2-4. A minimum of 64 points around the airfoil should be
output. These coordinates should be in the LCS and GCS-1
(include dyj/dxq and d2yj/dx27).
(3) Sweep angle of leading edge and mid-chord line referenced to
the PCA (Apg., Amc) = degrees.
(4) Coordinates of the leading edge and trailing edge points in
GCS-2 of each of the airfoil sections corresponding to each
of the required azimuthal positions of the propeller blade.
(5) Comparative blade weight will be an integrated weight
starting from some initial radius near the propeller shank
and ending at the tip.
b. Acoustics: For each of the required output stations:

01-154-86

(1) Radius measured along the PCA corresponding to the airfoil
section to be output = Ry/R

(2) Camber =y /c
(3) Maximum thickness = t/c

(4) Leading edge alignment = LEA/c
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c.

(5)
(6)

Chord = c/R

Propeller section pitch angle = degrees

Parameters (2)-(6) are measured in a plane normal to the PCA
(Figure 2.2-5).

(1)

(2)
(3)
(4)

(5)
(6)
(7)
(8)

(9)

Structures: For each of the required output stations:

Radius measured along the PCA corresponding to the airfoil
section to be output = Ry/R

Center of gravity location in LCS = (x /c)c.g., (¥ /S)c.qg.
Moments of inertia (Ix, Iy, Ixy, J) with respect to LCS

Coordinates of the airfoil section in a plane perpendicular
to the specified line (Figures 2.2-6 and 2.2-7). These
coordinates should be in both LCS and GCS-1.

Cross-sectional area and location of area centroid
Horizontal reference axis height = Ha/R
Blade pitch angle = degrees

Specific material corresponding to each airfoil section
coordinate in the required plane as well as information on
the material direction of each orthotropic material with
respect to the normal to the direction of this plane passing
through the blade.

In regard to internal geometry, the module should be able to
handle, in addition to the solid blade, hollow, UTRC spar
shell (central metallic spar surrounded with composite skin),
and semi-monocoque structures (e.g., using ribs for support).
Similar information as in (8) will be required for cases
involving internal geometry. (See Figure 2.2-8 for
examples.)

2.2.1.2 Section Profiles Perpendicular to the Line of Shear Centers

Finding the Elastic Axis (Center of Twist) of the Propeller Blade

The elastic axis of a straight blade is defined as the line of shear
For a straight blade the elastic axis will be straight. For a
curved blade, the assumption will still be used that it is the 1ine of
shear centers, but the elastic axis will be defined by a polynomial in
three-dimensional space.

centers.

01-154-86
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Procedures for Determining the Elastic Axis

(1)

(2)

(3)

(4)

(5)

(6)

The geometry generator will give 11 equally spaced cross sections
perpendicular to the mid-chord line (at Z'/L = 0, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0).

Using these 11 cross sections, the shear center program will
calculate the shear center of each cross section (11 shear
centers performed in structural module).

The geometry generator will define a polynomial that follows
these shear center points (first guess of elastic axis).

The geometry generator will give 11 equally spaced cross sections
perpendicular to this polynomial

Using these 11 cross sections, the shear center program will
calculate the shear center of each cross section (performed in
structural module).

The geometry generator will define a polynomial that follows
these shear center points. (This is the polynomial that will be
used for the elastic axis definition.)

Determination of Blade Properties with Respect to the Defined Elastic Axis

Using the polynomial that defines the elastic axis of the blade, the
beam finite elements and the blade's area and mass properties will be

calculated.

(1)

(2)

(3)

01-154-86

The geometry generator will divide the elastic axis polynomial
into 10 equal lengths. (Z'/L = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 09, and 1.0; 11 point locations needed for 10
divisions.) The X', Y', Z*' locations of these 11 points will
need to be supplied to the structural module.

Cross sections perpendicular to the elastic polynomial at these
11 point locations will also be supplied to the structural
module.

These cross sections must have adequate definition so as to
describe inside and outside geometry, mass properties of all
material, and stiffness properties of all material used in the
cross section.

Using this cross section definition, a structural program will be

used to calculate the area centroidal point, mass center points,
and all area properties (performed in structural module).
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2.2.1.3 Evaluation of Candidate Geometry Generator Modules

There are no readily available geometry generator modules that have
the capabflity to match the requirements of Sections 2.2.1.1 and 2.2.1.2.
The geometrical requirements that are needed by the candidate programs for
the aircraft flow field, propeller performance, airfoil loading, acoustics,
structures and aeroelasticity modules drive the design of the Geometry
Generator Module. Therefore, it is necessary to develop a new Geometry
Generator Module.

2.2.2 Aircraft Flowfield Module

2.2.2.1 Summary of Requirements

The aircraft flowfield in which the propeller operates is to be
calculated in order to define the radial and azimuthal variations of the
velocity in the propeller plane which, in turn, are used to calculate
propeller aerodynamic performance, including noise and forced excitations.

Input: Aircraft characteristics shall include the following:

(1) Angle of attack
(2) Sideslip
(3) Fuselage and nacelle shapes
(4) Wing characteristics:
(a) Quarter chord coordinates
(b) Wing 1ift coefficient as a function of angle of attack
(c) Span length
(d) Root chord length (assumes no taper)
(e) Dihedral
(f) Sweep.
Propeller plane characteristics shall include the following:

(1) Center coordinates and vertical and side tilt angles referenced
to aircraft

01-154-86 2-17



(2) Locations for which velocities shall be calculated in térms of
azimuthal angle and radial location increments.

Output: Along with the specified input parameters, the output shall
include the following:

(1) Fuselage and nacelle characteristics:
(a) ‘Panel geometry used for potential flow calculation
(b) Panel source strengths
(c) Surface velocities referenced to free stream velocity
(d) Surface pressure coefficients

(2) Wing characteristics:
(a) Geometry of bound vortex along quarter chord
(b) Geometry of the trailing vortices

(3) Propeller plane characteristics:
(a) Radial, azimuthal and axial velocity components
(b) Velocity components relative to aircraft coordinate system
(c) Flow angles relative to propeller coordinate system
(d) Flow angles relative to aircraft coordinate system.

Requirements of Analysis Capabilities: The calculation procedures
shall include the following capabilities:

(1) Incompressible potential flow paneling methods shall be used to
mode]l wing-fuselage combinations representing single-engine
aircraft or wing-nacelle-fuselage combinations representing
multi-engine aircraft.

(2) The wing shall be modeled by a single horseshoe vortex placed
along the quarter chord line.

(3) The influence of the wing on the aircraft fuselage and nacelles

shall be considered, but it shall be assumed that these bodies do
not influence the wing.
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(4) Computational efficiency shall be maximized by takingvadvantage
of the

(a) Use of aircraft symmetry.

(b) Development of guidelines for required number of panels,
panel size and distribution.

- (c) Identification of aircraft components that do not strongly
influence flow in the propeller plane, and development of
simple modeling rules or criteria for ignoring them.

(5) Paneled models for the aircraft shall consist of quadrilateral
and triangular elements as solid boundaries (i.e., velocity
tangent to surface). Some panels shall be specified as relaxed
boundaries to model inlets and outlets by matching their flows
(i.e., specified velocity).

2.2.2.2 Evaluation of Candidate Aircraft Flow Field Programs

GAPAS is intended to be a modular set of programs interacting through
a common data base and executive system. As better modules become
available, they can be incorporated with minimal disruption of the other
subprograms. With this in mind, we chose to incorporate the simplified
potential flow program by Jumper (Refs. 2.2-1 and 2.2-2) which was easily
modified to run as a GAPAS module. It can calculate the velocity
components in the plane of the propeller using source panels to model the
nacelle and a horseshoe vortex for the 1ifting wing.

Other programs considered for incorporation into the aircraft flow
field module were:

(1) NEUMANN, code for axisymmetric bodies at angle of attack using
the ideas of References 2.2-3, 2.2-4, and 2.2-5.

(2) UTRC, which computes viscous axisymmetric flow with a center
body, as described by Reference 2.2-6.

(3) USSAERO, a source-vortex panel method (Ref. 2.2-7).

(4) DANAIR, a three-dimensional higher order panel method described
by Reference 2.2-8.

(5) SOUSSA, a three-dimensional Green's Function Method ... see
References 2.2-9 through 2.2-12.

(6) VSAERO, a three-dimensional Green's Function Method ... see
References 2.2-13 through 2.2-16.
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For the panel methods described above, the body, wing, wake,uetc. are
divided into panels with singularity distributions of unknown strength —
source, doublet, vortex. The assumed distributions — constant, linear,
etc. — and panel description — quadrilateral, hyperboloid — depend on which
method is used. The body boundary conditions (normal velocity component
equal to zero) are satisfied at the control points with provision for
relaxed flow conditions at the inlet/outlet panels resulting in a system of
linear equations. Matrix methods are used to solve the system of equations
for the unknown singularity strengths. Then, when the distribution of
singularity strengths is known, the velocity components can be determined
at any point within the flow field — in particular, the propeller plane.

The evaluation of the candidate procedures for calculation of the
aircraft flow field were based on the modeling analysis, the solution
methodology, and the computer program. In general, the programs that were
based on more sophisticated analytical modeling tended to be too large for
incorporation into GAPAS. These included VSAERO, SOUSSA, PANAIR, USSAERO
and UTRC, which are all large stand-alone programs with the flexibility
(and added complication) to analyze general flow field problems. The risk
involved in modifying one of these programs for application to the
propeller flow field problem was judged to be greater than the limitations
of the easily converted JUMPER and NEUMANN codes. The initial decision was
made to incorporate the JUMPER and NEUMANN codes, with modifications to the
latter for axisymmetric bodies at angle of attack.

2.2.3 Propeller Aerodynamic Performance

Five aerodynamic performance procedures were evaluated for possible
inclusion in the GAPAS Propeller Aerodynamic Performance Module. Each
procedure included an operating computer code. Procedures evaluated were
developed at United Technology Research Center (Ref. 2.2-6) (referred to as
the UTRC code); Purdue University (Ref. 2.2-17) (Chang-Sullivan Code);
Pennsylvania State University (Ref. 2.2-18) under the guidance of B.W.
McCormick (Aljabri code); NACA (Ref. 2.2-19) (Crigler code); and the
Society of British Aircraft Constructors (Ref. 2.2-20) (the S.B.A.C. code).
The UTRC code is based on lifting-line theory, whereas the Chang-Sullivan
code is based on a vortex lattice method. The Aljabri code is based on a
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classical vortex analysis, whereas the Crigler code is based on
Theodorsen's method (Ref. 2.2-21), and the S.B.A.C. code is based on a
semi-empirical method.

2.2.3.1 Summary of Requirements

These above procedures were evaluated against the contractual
propeller aerodynamic performance technical requirements; namely, the
calculation procedures are to have the capability to:

(1) Account for blade sweep and/or proplets utilizing a curved
lifting-line approach; the cosine rule shall be applied to
airfoil data to account for blade sweep;

(2) Represent the vortex wake by a finite number of helical vortex
filaments, and calculate the induced flow at any radial location
on the blade by summing over the wake filaments and propeller
lifting line;

(3) Account for supersonic effects by (a) limiting the related
induced flow in the region of influence of the rotating Mach
cone, and (b) reducing the airfoil 1ift for sections within the
tip Mach cone;

(4) Calculate propeller performance for the following four basic
modes: with:

(a) Radially varying velocities input in the propeller plane

(b) Mode (a) type input plus a specified angle of attack to the
propeller plane

(c) Radial and azimuthal variations of velocity input in the
propeller plane

(Note, (a) - (c) do not include the effects of wake deflection.)

(d) Inviscid flow calculated around an axisymmetric nacelle;
results of this calculation shall be used to place the wake
vortex filaments along stream surfaces conforming to the
shape of the nacelle, and to determine the velocities in the
propeller plane as a function of radial location;

(5) Account for variation of airfoil type along the propeller span;
in particular, the analysis shall be capable of calculations for
different specified airfoil types in the inboard and outboard
sections of the propeller, with a procedure for computing airfoil
characteristics in the transition region by interpolation;

(6) Account for cascade effects of multiblade propellers;
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(7) Account for drag and spinner-blade shank interference drag of
typical round shank general aviation propellers.
The methods and codes were evaluated against a set of evaluation
factors shown in Figure 2.1-1. Each procedure will be discussed in
relation to these factors and the technical requirements delineated above.

2.2.3.2 UTRC High Speed Propeller-Nacelle Aerodynamic
Performance Prediction Procedure

The UTRC aerodynamic performance prediction procedure is based on a
lifting-line analysis that is combined with a viscous compressible center-
body interaction program originally developed for duct and compressor
applications (Refs. 2.2-22 and 2.2-23). The procedure first calculates the
inviscid and viscous flow about the nacelle only. For the inviscid flow an
axisymmetric potential-flow solution that utilizes conformal mapping based
on a Schwartz-Christoffel transformation is used. For the viscous flow an
implicit forward-marching numerical integration technique for solving the
parabolized Navier-Stokes equations between the inviscid-flow streamlines
is utilized. The propeller-nacelle wake flow is then represented by a
finite number of vortex filaments that are placed along stream surfaces to
conform to the shape of the nacelle, and the results of the nacelle flow
calculation are used to locate the wake vortex filaments around the nacelle
and to determine the inflow velocity at the propeller as a function of
radial location. Each propeller blade is represented by a segmented bound
vortex 1ifting line along the propeller blade quarter-chord line. The
induced velocity due to the blade-bound vortex and wake trailing vortex
elements at any blade radial location is then determined by applying the
Biot-Savart law. This information, combined with the nacelle-flow
solution, defines the inflow and the effective angle of attack. Coupling
the angle-of-attack with two-dimensional airfoil and cascade data then
allows the local 1ift and drag to be determined. These 1ift and drag
forces are then resolved into thrust and torque components and integrated
over the blade to allow calculation of thrust, power, and propeller
efficiency. A final optional step is to use the blade forces in a
circumferentially averaged (axisymmetric) viscous compressible flow
calculation to ensure that the velocities between the blades and downstream
of the propeller do not become high enough to result in large losses due to

01-154-86 2-22



shock waves, and to determine the drag of the nacelle in the presénce of
the propeller.

Evaluation of the UTRC analysis and computer code against the
contractual analysis capabilities delineated in Section 2.1 indicates that
the procedure utilizes a curved 1ifting-line to account for blade sweep but
is not currently able to handle proplets (Item 1). In addition, the wake
representation and calculation of induced flow conform to the requirement
of Item 2 (representation of vortex wake by finite number of helical vortex
filaments and calculation of induced flow by summing over them and the
propeller 1ifting line). With regard to a means of accounting for
supersonic effects (Item 3), the UTRC methodology 1imits the related
induced flow in the region of influence of the rotating Mach cone (Item
3(a)) by discriminating between vortices within and outside the Mach cone
and, for those within, between those which affect a blade segment at a
particular time and those which do not. Moreover, with regard to the
reduction of airfoil 1ift for sections within the tip Mach cone, the UTRC
methodology takes this into account using correction factors developed by
Borst (Ref. 2.2-24) based on the tip relief model of Evvard for fixed wings
(Ref. 2.2-25). A modification of this correction to include sweep is
currently underway by UTRC. With regard to propeller performance
calculation capabilities (Item 4), the methodology does not treat unsteady
effects: it is only capable of handling cases 4(a) (radially varying
velocities input at the propeller plane) and 4(d) (with inviscid flow
around an axisymmetric nacelle). With regard to Item 5, the UTRC
methodology allows for variation of airfoil type along the propeller span
and includes a procedure for computing airfoil characteristics in the
transition region by interpolation. Regarding Item 6 (cascade effects for
multiblade propellers), these effects are currently included for NASA 65
series airfoils for a gap-to-chord ratio greater than 0.8; blade width and
finite-thickness effects are not presently included, although the code is
currently being modified by UTRC to include an alternate cascade correction
based on the method of G.L. Mellor (Ref. 2.2-26). Regarding Item 7 (drag
and spinner-blade shank interference drag), although nacelle and propeller
blade drag are accounted for, there is currently no provision for
calculation of interference drag.
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In summary, the strengths of the UTRC analysis procedure include the
extensive capability for calculation of the nacelle flow field, the
discrimination of vortices within and outside the Mach cone, the cascade
and supersonic tip corrections, and the flexibility of prescribing the
wake. This latter item, however, may be argued to be an uncertainty and
actually a weakness in the method.

The greatest shortcoming of the method lies in the use of a lifting
line model which corrects only the section angles of attack for the induced
effects of the wake. The wake actually induces a curved flow field which
can have a significant effect on the section 1ift coefficients for wide
blades.

The computer code (PANPER) based on the UTRC methodology is written in
Fortran V for the Univac 1110 computer. The code is also running on the
IBM 3030 system at NASA-Lewis, but has not been completely implemented on
the CDC Cyber 175 system. A highly-detailed user's manual is avajlable
(Ref. 2.2-27).

2.2.3.3 Chang-Sullivan - Theoretical Performance
of High-Efficiency Propellers

The next analysis procedure evaluated was that developed by Chang
(Ref. 2.2-17) and Sullivan (Ref. 2.2-28) at Purdue University. This
procedure utilizes the vortex-lattice method (also known as first-order
Tifting-surface method; Weissinger-L method) to solve for propelier
performance. In this methodology, the propeller blade and wake are
represented by a system of segmented bound and trailing vortices, with the
bound vortex segments placed at the quarter-chord points of the blade. The
strengths of the bound- and wake-vortex filaments are determined using the
Biot-Savart law and the condition that the flow be tangent to the blade
mean camber line along the three-quarter chord line. Application of the
Kutta-Joukowski law at any radial location then determines the 1ift
coefficient of the blade at that point. Blade drag is determined from
correlations based on blade camber, thickness, Mach number, and 1ift,
including viscosity and compressibility effects. Resolving Tift and drag
into thrust and torque components and integrating over the blade then
allows calculation of propeller thrust, power, and efficiency. Moreover,
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the analysis includes sweep and proplets, and treats the nacelle in
approximate fashion by representing it as an infinite cylinder. Cascade
effects are included for thin blades only, but there is no correction for
finite-thickness effects and no provision for supersonic tip effects.

Evaluation of the Chang-Sullivan aerodynamic performance procedure
against the contractual analysis capabilities indicates that the procedure
utilizes a curved 1ifting line and accounts for both blade sweep and
proplets. Moreover, the propeller wake is represented by a finite number
of helical vortex filaments and the induced flow at any radial location is
calculated by summing over the wake filaments and the propeller lifting
line. However, supersonic flow effects are not accounted for. In
addition, as in the case of the UTRC methodology, only propeller
performance cases 4(a) (radially varying) velocities at the propeller
plane) and 4(d) (with inviscid flow around an axisymmetric nacelle) can be
handled by the Chang-Sullivan procedure because the methodology does not
treat unsteady effects. The Chang-Sullivan procedure does allow for
variation of airfoil type along with propeller span, however, and is
capable of performing calculations for different specified airfoil types in
the inboard and outboard sections of the propeller. As previously
mentioned, cascade effects are included only for thin blades, and the
procedure accounts for blade drag but not spinner-blade shank interference
drag.

In summary, the strength of the Chang-Sullivan methodoiogy lies in its
use of the vortex-lattice method. It is thus capable of modeling sweep,
proplets, and low-aspect-ratio blades. Cascade effects (for thin blades)
are also accounted for by this method.

There are several shortcomings of the Chang-Sullivan procedure,
however. These include: (1) a simplified modeling of the wake geometry,
(2) unsteady aerodynamic effects are not treated, (3) no provision for
supersonic tip effects, (4) the method for obtaining airfoil section
properties at high Mach numbers is not clear, and (5) no corrections for
finite thickness effects.

01-154-86 2-25



Another shortcoming of this code is the lack of any correctioh to the
section 1ift coefficients for compressibility. Having calculated 1ift
coefficient on the basis of the incompressible first-order 1ifting surface
theory, the code then determines a section drag coefficient adjusted for
Mach number. However, a correction is needed for 1ift coefficient as well.

The computer code based on the Chang-Sullivan analysis is written in
Fortran IV and is operational on the IBM 3030 and CDC Cyber 175 computers.
However, a detailed user's manual has not been developed.

2.2.3.4 Aljabri -~ Prediction of Propeller Performance and Loading in
Uniform and Nonuniform Flowfields

In addition to the UTRC and Chang-Sullivan methods, the aerodynamic
performance procedure developed by A.S. Aljabri under the guidance of B.W.
McCormick (Ref. 2.2-18) was evaluated. The Aljabri methodology is based on
classical vortex theory applied to a lifting-line model of the blades
which, strictly speaking, is valid only for straight unswept blades. Under
the assumption that the induced velocity in the propeller plane is half
that in the ultimate wake, the circulation at any blade radial location is
determined from a line integral of the tangential velocity over the
circumference of the blade plane at that radial location. Application of
the Kutta-Joukowski equation then allows calculation of 1ift as a function
of radial location. Airfoil section data are utilized to obtain lift-curve
slope (which enters into determination of tangential velocity).
Compressibility effects are accounted for in the section data via the
Prandti-Glauert rule, and nacelle effects are treated only in terms of
introducing a nonuniform inflow at the propeller plane. Once 1ift and drag
are determined as a function of radial position, integration over the blade
allows calculation of propeller thrust, power, and aerodynamic efficiency.
The methodology utilizes Prandtl's tip-loss factor to account for a finite
number of blades, and corrects for finite blade width and thickness
effects. The computer program, as originally set up, can handle Clark Y,
NACA 4-digit-series (24xx), and NACA 16-series airfoil sections through a
range of Mach numbers and angles of attack. Other section types can be
handled if section 1ift and drag data are available. In addition, the
methodology allows the calculation of unsteady flows by two alternative
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methods, a quasi-steady method and a two-dimensional unsteady method. In
the quasi-steady method, the assumption 1s made that the 1ift and drag at a
given azimuthal position are the same as if the flow were steady at the
flow conditions corresponding to that azimuthal location. In the two-
dimensional unsteady method, in which Theodorsen's method is utilized, the
blades are assumed to be two-dimensional, independent of each other, and
each b]adehé1eﬁéﬁtiis assumed to undergo a pufe heéVing motion.

Evaluation of the Aljabri procedure against the contractual analysis
capabilities indicates that the methodology does not account for blade
sweep and/or proplets, nor does it represent the vortex wake by a finite
number of helical vortex filaments. In addition, the procedure has no
provision to account for supersonic tip effects. The methodology is
capable of handling unsteady as well as steady flows, however, and can
perform calculations for basic modes 4(a) (radially varying velocities
input in the propeller plane), 4(b) (mode (a) type input plus a specified
angle of attack to the propeller plane), and 4(c) (radial and azimuthal
variations of velocity input in the propeller plane). As previously
indicated, however, the methodology only treats nacelle effects in terms of
introducing a nonuniform inflow at the propeller plane. If does allow for
variation of propeller type along the propeller span, accounts for cascade
effects of multibladed propellers, and blade drag. Spinner-blade shank
interference drag is not accounted for, however.

The computer code is operational on the CDC Cyber 175, and has an
execution time of about 5 seconds for a typical case. A user's manual has
been developed for this code (Ref. 2.2-29).

2.2.3.5 Crigler — Application of Theodorsen Theory to Propeller Design

The next analysis procedure evaluated was that based on Crigler's
application (Ref. 2.2-19) of Theodorsen's theory (Ref. 2.2-21) to propeller
design. The methodology relates conditions in the ultimate wake to those
in the propeller plane through a mass coefficient, and yields the same
result as conventional vortex theory with Goldstein's tip correction for
single-rotating propellers. Basically, expressions are developed relating
section 1ift coefficient, flow angle with respect to the propeller plane,
the so-called "fictitious impact velocity", and the mass coefficient (which
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is related to Theodorsen's circulation function). Utilization of airfoil
data to obtain 11ft coefficient as a function of flow angle completes the
system for a given radial location. Airfoil data are also utilized to
obtain drag, and resolution into thrust and torque components and
integration over the blade enable propeller performance to be calculated.

When evaluated against the contractual propeller aerodynamic perfor-
mance technical requirements, it is noted that Crigler's procedure has no
provision for blade sweep and/or proplets, nor is the vortex wake repre-
sented by a finite number of helical vortex filaments. Also, supersonic
effects are not accounted for. Moreover, the procedure has no provisions
for unsteady-flow or nacelle effects, and thus is only applicable to the
calculation of propeller performance for basic mode 4(a) (with radially
varying velocities input in the propeller plane). Additionally, the method
does not account for cascade effects for multibladed propellers, or
spinner-blade shank interference drag. Blade drag is accounted for,
however.

The computer code based on Crigler's methodology is currently running
on the CDC Cyber 175. The code is available in Basic as well as Fortran
versions, but does not have a user's manual.

2.2.3.6 S.B.A.C Standard Method of Propeller Performance Estimation

The last aerodynamic performance analysis procedure evaluated is an
empirical method based on the Society of British Aircraft Constructor's
(S.B.A.C.) standard method of propeller performance estimation (Ref.
2.2-20). This is a semi-empirical procedure based on the fundamental
assumption that the propeller efficiency can be expressed as the product of
the induced efficiency, which takes into account the induced losses caused
by the effect of a finite number of blades, and a factor of merit which
takes into account low-speed profile drag, compressibi1ity drag, and root
drag. In addition, the method accounts for nacelle and fuselage flow, but
has no means of taking into account blade sweep or supersonic tip effects,
and treats only Clark-Y section blades. Thus, when evaluated against the
contractual propeller aerodynamic performance technical requirements, it is
to be noted that the S.B.A.C. methodology neither accounts for blade sweep
and/or proplets nor represents the vortex wake by a finite number of
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helical vortex filaments or accounts for supersonic flow effecté.' The
computer code is, however, applicable to calculation of propeller
performance for basic modes 4(a) (with radially varying velocities input in
the propeller plane) and 4(d) (with inviscid flow calculated around an
axisymmetric nacelle). In addition, as mentioned, the methodology treats
only Clark-Y airfoil section blades and thus does not account for variation
of airfoil type along the propeller span. Also, it does not account for
cascade effects of multiblade propellers, but does take into account low-
speed profile drag, compressibility drag, and root drag.

A computer code for programmable calculators based on the S.B.A.C.
method and developed by Korkan and Ruff (Ref. 2.2-58) has been implemented
at TRW. References 2.2-20 and 2.2-58 provide sufficient information to
serve as user's manuals.

2.2.3.7 Results of Review of Propeller Aerodynamic Performance Procedures

Results of the evaluation of the aerodynamic performance analysis
procedures in terms of the contractual technical requirements are
summarized in Figure 2.2-9.

In addition, a comparison of results of the UTRC 1ifting-line method
and the Chang-Sullivan vortex-lattice method was carried out by B.W.
McCormick. Both the 1ifting-line (UTRC) and vortex-lattice (Chang-
Sullivan) methods replace the propeller blade by a single bound vortex line
and a trailing helical vortex wake. Both have the problem of defining the
wake and both require the added inclusion of section profile drag and
compressibility effects. In addition, both require the solution of a
system of N simultaneous algebraic equations to satisfy boundary conditions
at N points along the blade. Thus, the computational time and the effort
required to run each mode should be about the same, all other aspects of
the problem being treated the same.

Although similar, the two methods are basically different. The
1ifting line model calculates the induced angle of attack, aj, at each
station so that the section 1ift coefficient, Cp, is given by:
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C =€ (a-ay)  (2.2-1)
a

where a i1s the local angle of attack and CZ is the 1ift curve slope. But
from the Kutta-Joukowski relationship, e

L = pVF (2.2-2)

with V being the local velocity and I' the bound circulation; it follows
that

r=1/2cc, v (2.2-3)

2
where ¢ is the section chord length. Since aj is a function of T,
Equations (2.2-1) and (2.2-2) can be combined to give a single equation for
I' or Cp. Actually, aj at any station depends upon the distribution of T
since the radial gradient of T results in the trailing vortex system.

Thus, the above relationships must be satisfied at N points along the blade
to obtain N simultaneous equations for I' at each point.

Unfortunately, the correction to a, namely aj, is only part of the
difference between two- and three-dimensional flows around a lifting
surface. For high aspect ratios, aj is the major correction, so that a
1ifting line model applies fairly well to conventional propeller blades.
In addition to changing the direction of the flow at a blade section, the
trailing vortex system induces a flow curvature which effectively reduces
the camber of the section. As the aspect ratio of a lifting surface
decreases, this camber correction becomes increasingly important.

On the other hand, the vortex lattice (Wessinger's L) method is really
a first-order 1ifting surface theory and, as such accounts for all induced
effects from the trailing vortex system. It does this by determining the
strengths of the trailing vortices, and hence the bound vortex strength
distribution, to assure that the resultant of the free stream and induced
velocities is tangent to the section mean camber lines at N points along
the locus of the section 3/4-chord points. Again, N simultaneous equations
for I' are obtained. Cp can then be obtained from Equation (2.2-3) followed
by an estimated Cq.
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To illustrate the basic differences in the lifting line modeT and the
Weissinger-L method as applied to propellers, the UTRC and Chang-Sullivan
codes were run using identical wake geometries and section properties (Cq
and Cp versus a and Mach number). Figure 2.2-10 presents such a comparison
and also includes results from a vortex theory code that was written
specifically for this study. The points labeled UTRC and Chang/Sullivan
were taken directly from Reference 2.2-30. The vortex theory results will
be discussed later.

From Figure 2.2-10, it can be seen that the UTRC code predicts results
which are about 10% higher than the Chang-Sullivan code for this case.
Probably this basic difference is even greater since the UTRC code uses
airfoil data to obtain Cp whereas the Chang-Sullivan code uses the value of
Cp obtained from a potential flow solution. Typically, the most exact
potential flow solutions predict Cp values which are 3 to 8% too high.

A vortex-lattice code was written specifically for this study to
examine the validity of the Weissinger-L method for finite wings and to
compare it with a 1lifting l1ine model. Results of a lifting-surface
calculation are presented in Figure 2.2-11 and results of the Weissinger-L
method code are shown in Figure 2.2-12, along with the results of 1ifting-
line theory. For this rectangular wing having an aspect ratio of 6, two
important observations can be made. First, the Weissinger-L method gives
spanwise load distribution in close agreement with distributions calculated
by 1ifting surface theory. Second, the lifting-line model overpredicts the
wing 1ift by about 8% for this aspect ratio. As the aspect ratio
decreases, this difference can be expected to become even greater.

Figure 2.2-13 taken from Reference 2.2-31 shows the UTRC code to
overpredict the value of power coefficient, Cp, at a given advance ratio
when compared with experimental data for the SR-1 propelier at a Mach
number of 0.8. While this is reasonable to expect in light of Figure
2.2-12, there are other factors which may explain this difference such as
blade twist due to centrifugal effects. Reference 2.2-30 shows about a 1
degree decrease in the blade pitch angle at the 3/4 radius when operating
at the design rpm for the SR-3 propeller. Although SR-1 probably has less
deflection, the experimental data for an angle of 62.5 degrees is seen to
agree better with the UTRC predictions for 61.2 degrees.

01-154-86 2-32



L
.4 + + VORTEX THEORY (F CORRECTED)
o - + o VORTEX THEORY
- 1.2 L N 4 UTRC METHOD
= | o D CHANG/SULLIVAN
2 g Th
[ r o &
rr L 0
o ! Fay
o )
= b
= es L
L C &
I =
0.4 L oA o
% O
02 L
. 3
L i 1 " L L - — I " ]
28 30 3.2 34 3¢ 28

ADVANCE RATIO, J

Figure 2.2-10. Comparison of Predicted Performance for SR-2 Propeller.
M=0, =258, CD=0 (Uniform In-Flow)
0.58
<A A~L A+a D
8.48 47 A
P b+,
! +4 by
7y Y
=z 2.3
<C
a +2 2
<
o -
o
w
& p.e 8 4
[
r + 10 SPAN DIVS. 5 CHORD DIVS.
o 20 SPAN DIVS. 1 CHORD DIVS.
e - & 20 SPAN DIVS. 3 CHORD DIVS.
.
—e e U e b
-1.0 -8.% 2.0 8.5 1.0

SPANWISE STATION, 27v/B

Figure 2.2-11. Lifting Surface Calculation of Spanwise Bound Circulation
for Rectangular, AR=6 Wing

01-154-86 2-33



g8.58 F .
L
o © -] (-] o o °
[} 4+ <4 [}
e.48 | 0o % at T * Ty +°%
i ° 4+ +
g o + 4+ o
S 03 L
g + +
>
S Lo o
~
5‘5
: e © LIFTING LINE METHOD +
-
g.18 ¢ +  WEISSINGER'S L-METHOD
b
e i i 1 ‘ N 1 N ) L N " | L X N N ]
-1.8 -3.5 e.e 8.5 1.0

SPANWISE STATION, 2v/B

Figure 2.2-12. Comparison of Lifting Line Spanwise Lift Distribution
with that Calculated by the Weissinger-L Method.
Rectangular Wing, AR=6

38
2.8
- A BETA (3/4) = 60.2 deg
a o BETA (3/4) = 61.2 deg
o 2.4 F N D BETA (3/4) = 62.5 deg
= 2.2
o] ° STRIP-GOLDSTEIN
= . ° \\
T taﬁ&
w
S 1.8
& 1.4
=
a 1.2
[}
& 1.8
e.8 E
e 6 t
e 4 L
-
Lz - 2N
gLAle‘J.I.JA\nJ‘:
30 3.2 3.4 3.8 3.8 40 42 4 4

ADVANCE RATIOQ, J

Figure 2.2-13. Comparison of Codes with Experiment SR-1 Prop; M = 0.8;
Codes for g = 61.29; Purdue Code with Uniform In-Flow;
Points are Experimental

01-154-86 2-34



Figure 2.2-13 suggests close agreement between predictions'of the
Chang-Sullivan code with experimental data. The word "suggests” is used
because the predicted results were made using a uniform inflow. The
reference states that the difference between a uniform and nonuniform
inflow is equivalent to a pitch change of about 1 degree. It may be noted
that the Chang-Sullivan calculation for f = 61.2 degrees shows good
agreement with experimental data at 60.2 degrees. Such a correction is, of
course, only approximate and there is also the question of whether or not
the pitch should not be changed again by about 1 degree for centrifugal
stiffening. One could argue, therefore, that the Chang-Sullivan predic-
tions made at 61.2 degrees for a uniform inflow would be compared to the
experimental results at 61.2 degrees because of compensating effects from
the nonuniform inflow and twisting of the blades due to centrifugal forces.

In addition to uncertainties raised by blade twisting and nonuniform
inflow, it is difficult to compare the basic aerodynamic theories on which
the two codes are based because of the significant influences that section
profile drag has on predicted thrust and power at high Mach numbers and
advance ratios. One should really be certain that both codes are using
identical equations or tables to define section 1ift and drag coefficients.

Also, the slope of an airfoil 1ift curve varies significantly in the
transonic flow regime. The Weissinger-L method, however, cannot reflect
any change in ' with Mach number. Thus, the agreement between theory and
experiment shown in Figure 2.2-13 for the Chang-Sullivan code may be simply
fortuitous for this particular case.

In addition to the above comparisons between results of the UTRC and
Chang-Sullivan codes, a code based on vortex theory was written which uses
the same basic equations as Reference 2.2-18 but without any unsteady
effects or elaborate modeling of airfoil data. The code, which includes
corrections for finite thickness and flow curvature, requires no solution
of simultaneous equations and runs efficiently on a Tektronix 4051 computer
in Basic language. The code was checked against Reference 2.2-18 for the
SR-2 propeller at low Mach numbers and the two codes were found to give
nearly identical results. Thus, the simpler code written in BASIC was used
for the evaluations given here.
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To begin, vortex theory is in effect a 1ifting 1ine model using a
prescribed wake shape. For a nonoptimum propeller, the theory assumes that
Goldstein's kappa functfon (or Prandtl's F-function) can be used to relate
the bound circulation to the induced velocities. Depending upon how one
defines the wake helix angle, whether or not a 1ightly loaded propeller is
assumed, and depending on how one relates the direction of the induced
velocity to the resultant velocity (normality condition at the propeller
plane or in the ultimate wake), and other details, different predictions
based on vortex theory will be obtained by different investigators.

The method used here, and by Reference 2.2-18, takes the wake helix
angle as equal to the blade tip pitch angle at all radial stations. It
also assumes that the resultant induced velocity is normal to the helical
surface at the propeller plane. In addition, corrections can be made for
finite thickness and flow curvature to improve upon the 1ifting-line
approximation.

Reference 2.2-18 shows good agreement, even at slightly supersonic tip
Mach numbers, between predictions and experimental measurements for
conventional propellers. To check this, addition calculations were
performed and the results are presented in Figures 2.2-14 and 2.2-15. It
can be seen from these figures that the variation of power coefficient and
efficiency with advance ratio is predicted closely for the three-bladed,
conventional propeller considered.

This particular adaptation of vortex theory includes several
corrections intended as refinements to the classical approach. These
include corrections to:

(1) Section angles of attack to account for the effect of finite
thickness:;

(2) Effective camber of a section due to the local flow curvature
produced by the trailing vortex system;

(3) Goldstein's kappa factor (or Prandtl's F-factor) to account for a
finite hub radius (this correction is not in Reference 2.2-18,
but can easily be added).

The first two corrections are discussed in Reference 2.2-32. The third
correction was first derived in Reference 2.2-33. An approximate closed-
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form expression, similar to Prandtl's F-factor, was derived in Reference
2.2-34 and 1s used here. The influence of the first two corrections on the
conventional propeller 6129 is shown in Figure 2.2-16. They are seen to
decrease the predicted Cp values by about 3 or 4%. Plotting Cp versus
thrust coefficient, Cy, the percentage change is even smaller.

A comparison of vortex theory with experiment for the SR-2 propeller
is presented in Figure 2.2-17. Here the thickness and camber corrections
are seen to be more significant for this propeller having wider blades and
a higher solidity. The predicted Cp versus the advance ratio, J, is seen
to agree fairly well with the experimental data for a blade angle of 59
degrees and tends to confirm the need for such corrections. The correction
for a finite hub is not included in this figure, but from Figure 2.2-10 one
would infer that the corrected Cp values in Figure 2.2-17 would be
increased by approximately 11% at the lower values of J and varying
linearly to no increase at higher J values, which would place the final
values close to the f = 59 degrees points.

To study these corrections further, Figures 2.2-18, 2.2-19, and 2.2-20
were prepared for the SR-2 propeller at a low Mach number to avoid the
uncertainties in modeling airfoil properties. Again, the total effect on
the predicted Cp is significant, approximately 20%, at a given J. From
Figures 2.2-17 and 2.2-19, it is apparent that the thickness correction is
relatively minor and that most of the correction arises from the flow
curvature. Again, from Figure 2.2-18 for a given Cr, there is not too much
of an effect on Cp.

The UTRC and Chang-Sullivan codes are compared to the SR-2 data at a
Mach number of 0.8 in Figure 2.2-21. This comparison is taken from
Reference 2.2-30. Keeping in mind possible blade twist, it appears that
the predictions from the UTRC code may be in better agreement with
experimental results than the Chang-Sullivan code, at least for this
particular example.

2.2.3.8 Summary

In summary, a single code alone will not meet all the requirements of
GAPAS, namely;
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e  Sweep

e Proplets

* Unsteady effects

* Accurate predictions of performance.

A1l of the codes suffer from a lack of exactness, but in different areas
and each could be improved. The Aljabri code is limited by the
restrictions of classical vortex theory, and while it might be possible to
modify this theory to include sweep in Prandtl's F-factor, the inclusion of
proplets appears highly doubtful. From a computing efficiency viewpoint,
it is probably the fastest of the three codes and probably as accurate as
if all the corrections mentioned previously are included.

The Chang-Sullivan code is a lower order Weissinger's L-method but
otherwise is deficient in several ways. It does not consider any unsteady
effects; it neglects any compressibility effects on the L-method and,
hence, on the 1ift. There is no correction for blade thickness or finite
hub and the wake is prescribed in a very approximate way.

The UTRC code is an elaborate lifting-line model with cascade
corrections and a supersonic tip relief factor. The propeller analysis is
combined with a fairly sophisticated nacelle-flow code. Despite a
statement to the contrary in Reference 2.2-6, none of the corrections in
the code account for the basic difference between a 1ifting-surface and
lifting 1ine model. The use of cascade data compares to the finite
thickness corrections in the Aljabri code and corrects for the presence of
the bound circulation of adjacent blades. The code still lacks a
correction for flow curvature produced by the wake over wide blades. It
should be noted that the Aljabri code does not contain any cascade
corrections and probably should. The Chang-Sullivan code, except for
finite thickness effects, does not need any cascade corrections because of
the use of Weissinger's L-Method.
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2.2.4 Airfoil Loading Module

2.2.4.1 Summary of Requirements

The calculations for the overall propeller aerodynamic performance do
not require detailed pressure and skin friction distributions. The
necessary input to the performance calculation are C| and Cp versus angle-
of-attack. This information can be obtained from two-dimensional airfoil
data corresponding to the airfoil family, specific geometry, angle-of-
attack, local Mach number, and local Reynolds number. In addition to the
CL and Cp coefficients, the moment coefficient, Cm, may be required for a
structural analysis of the propeller using a simple beam theory. There-
fore, airfoil data banks will be required in GAPAS for different families
that make up the specific propeller (i.e., NACA-16, Clark Y, NACA 65/CA) to
be analyzed.

In other types of propeller analysis, detailed distribution of the
normal and tangential stresses are required (i.e., acoustic analysis or
detailed structural analysis). In addition, where no airfoil data banks
are available, detailed calculations will be required to generate C_, Cp,
and Cy. Determination of the latter quantities should necessarily include
the capability to accurately calculate compressible flows, transonic sub-
critical and supercritical flows, and viscous effects, including both
laminar and turbulent boundary layers, and the transition of one to the
other. For the analysis of propeller blade sections embodying these
capabilities, computer codes based on the following four analyses can be
used extensively in both the design and analysis of airfoils suitable for
propeller application:

(1) Bauer,)Garabedian, and Korn Analysis (Refs. 2.2-35 through
2.2-37

(2) Carlson Analysis/Design (Refs. 2.2-38 through 2.2-40)

(3) Smetana, Summey, Smith, and Carden Analysis (Refs 2.2-41 and
2.2-42)

(4) Eppler Analysis (Refs. 2.2-43 through 2.2-46).

These computer programs have been in routine use in the aircraft industry
and are discussed below. A summary of these methods is given in Table
2.2-1.
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2.2.4.2 Garabedian and Korn (G&K)

The G&K method (Refs. 2.2-35 through 2.2-37) calculates the flow field
around the airfoil based on a weak viscous-inviscid interaction method-
ology. The inviscid flow calculation is based on the solution of the
steady, two-dimensional, irrotational full potential equation. The solu-
tion algorithm is based on a relaxation finite difference scheme used on a
grid conformally mapped into a unit circle. The viscous affects are
calculated using an integral boundary layer method based on Nash-Macdonald
(Ref. 2.2-47). The version of the G&K program that was evaluated did not
have a capability for computing the laminar portion of the boundary layer,
and thus, the flow is assumed inviscid until the boundary layer becomes
turbulent at a specified point on the airfoil. The viscous-inviscid inter-
action is accounted for by computing the displacements effects of the
boundary layer and then adding this to the actual airfoil shape. The
calculation is repeated until the method converges.

The G&K method becomes inaccurate as the local Mach number on the
airfoil exceeds approximately 1.4. This is due to the irrotationality
assumption and thus, cannot account for proper entropy production across
the shock waves. In order to accelerate the convergence of the method, the
calculations are performed first on a coarse grid (80 x 15 meshpoints) for
a specified number of cycles, and then repeated on a finer grid (160 x 30
meshpoints). In addition, the method does not properly account for separa-
tion at the trailing edge or when massive separation occurs on the airfoil.

The G&K code utilizes about 2 minutes of CPU time to execute on a CDC
CYBER 175 and requires 107K octal for core storage. A detailed user's
manual is also available for the computer code.

2.2.4.3 Carlson (TRANSEP)

The Carlson method (Refs. 2.2-39 and 2.2-40) calculates the flow field
around the airfoil based on a weak viscous-inviscid interaction
methodology. The inviscid flow calculation is based on the solution of the
steady, two-dimensional, irrotational full potential equation. The
equation is solved using a rotated finite difference scheme based on
Jameson and South (Ref. 2.2-48). This method avoids difficulties in the
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supersonic region associated with nonalignment of the flowfield and the
coordinate system. The coordinate system utilized is based on a stretched
cartesian system. The solution is obtained using column relaxation
sweeping from upstream to downstream. An improved rate of convergence is
obtained by the use of a coarse, then medium, and then fine grid solution.

The viscous effects are determined by utilization of boundary layer
integral methods. The laminar region is calculated based on the
compressible Thwaites method, whereas, the turbulent boundary layer is
calculated based on the method of Nash-Macdonald. The transition from the
laminar regime to the turbulent regime is determined from a method based on
a Pohlhausen K parameter in conjunction with the data correlation of
Granville (Ref. 2.2-43). The viscous-inviscid interaction is accounted for
through the displacement thickness effects on the airfoil shape. A highly
empirical incompressible analysis is incorporated in the model to address
extensive upper surface separation.

The computer program also has a design option built in whereby the
airfoil downstream of the nose region is computed based on a prescribed
pressure distribution in that region. The code requires 107K octal core
storage and executes in about 90-120 seconds of CPU time on the CDC CYBER
175 per case wherein three different grid schemes are utilized during the
calculation (i.e., 13 x 7, 25 x 13, and 49 x 25 grid point).

The program calculates and outputs Cp, Ci, CD ' CD ' CM , and
f

C A detailed user's manual is also avai]ab]eFOta] 1/4

M .E

2.2.4.4 Smetana

The method of Smetana (Ref. 2.2-41) calculates the flowfield around the
airfoil based on a weak viscous-inviscid interaction methodology. The
inviscid flow is based on a steady, two-dimensional, subcritical distributed
vorticity method. Here, the airfoil is approximated by a closed polygon
with the airfoil surface represented by distributed vortices of unknown
intensity. With the assumption that the airfoil surface is a streamline and
also satisfies the Kutta condition, the strength of the distributed vortices
is determined and thus, so is the pressure distribution on the airfoil.
Compressibility effects are modeled through a Karman-Tsien transformation.
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The viscous effects are calculated using integral methods. The
laminar flow portion is calculated using a Pohlhausen fourth-order velocity
profile, whereas the turbulent flow is computed based on a choice of two
different methods. The first method is that of Goradia (Ref. 2.2-42).

This method has been shown to give good results in regions of strong
adverse pressure gradients. The second method is that of Truckenbrodt
(Ref. 2.2-49) and is a refined method which can be used when the pressure
gradients are not too adverse and for accurately determining the separation
point. The transition from laminar flow to turbulent flow is based on
either a prescribed transition point or a natural transition criteria based
on Blasius flat plate boundary layer stability theory and correlation of
Reynolds number based on momentum thickness versus integrated shape factor.

The coupling between the viscous and inviscid flow is through the
boundary layer displacement effects. Since the inviscid equations are
linear, the correction is obtained by evaluating the thickness and camber
effects separately. The effect of camber due to boundary layer displace-
ment is calculated first and the thickness effects are then calculated for
a symmetric airfoil at zero angle of attack for the basic thickness and for
the same symmetric airfoil with displacement effects included. The total
solution for the velocity is then given by one solution for camber plus the
solution for thickness with displacement effects, minus one solution for
the basic airfoil thickness.

The Smetana code requires 57K octal core storage and executes in about
15 seconds of CPU time on the CDC CYBER 175. A user's manual is available,
however there is a learning curve required in using this code since the
calculated values of C_ and Cy are sensitive to the density of the airfoil
coordinates input. This sensitivity is related to the local slope of the
airfoil.

2.2.4.5 Eppler

The method of Eppler (Refs. 2.2-43 and 2.2-46) calculates the flow-
field around the airfoil using an inviscid, steady, two-dimensional dis-
tributed vorticity method. The viscous effects are computed using a combi-
nation of integral methods and semiempirical correlations. The version of
the code evaluated did not provide for viscous-inviscid interaction.
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The inviscid methodology allows for both sharp trailing edges'as well
as blunt trailing edges. In the case of the sharp trailing edge, the Kutta
condition is satisfied, whereas, in the case of a blunt trailing edge, a
rear stagnation point is enforced in addition to excluding any singular-
ities at the two trailing edge points. The boundary condition of zero
velocity normal to the airfoil surface is satisfied on the vorticity
panels. Rather than exclude one point in order to enforce the Kutta condi-
tion (i.e., Sharp T.E.) and thus have the number of equations equal to the
number of unknowns, all equations are kept and the Kutta condition also
satisfied. Since this leads to more equations than unknown, the system of
equations is solved in a least-squares sense. The calculation for
arbitrary angle of attack is obtained by a superposition of the a = 0° and
a = 900 case. Compressibility effects are accounted for by using a Karman-
Tsien transformation.

The viscous effects in the laminar region are calculated using a
Hartree velocity profile (power law) and solves both the momentum integral
equation and kinetic energy integral equations. In the turbulent region,
empirical expressions are used for the skin friction, shape factor, and
dissipation coefficient. If separation occurs in the laminar region, the
model switches to turbulent in an attempt to simulate reattachment. 1In
addition, the profile drag coefficient is calculated using the method of
Squire-Young. The version of the Eppler code that was evaluated
incorporated a correction to C_ when separation occurs on the airfoil.

This produced better agreement for CL when compared to available data.
max

The Eppler code requires 77K octal core storage and executes in about
5 seconds of CPU time on the CDC CYBER 175 for each case. Documentation
and a user's manual are available. The code also has a design option
available to the user.

2.2.4.6 Comparison of Prediction Methods

The resulting four computer programs have been used to make
theoretical predictions of the NACA 0012 and LS(1)-0413 (GA(W)) airfoils
for comparison with experimental data (Ref. 2.2-51) taken in the Ohio State
University (OSU) Airfoil Transonic Facility. Specifically, pressure
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distribution comparisons for both the sub- and supercritical regimes for
these airfoils can be used to examine how well each computer program
compares with the experimental data and to determine any deficiencies in
the theoretical predictions.

NACA 0012 Comparisons

The first series of numerical calculations were carried out for the
NACA 0012 airfoil (Figure 2.2-22A) for the following subcritical flow
conditions:

Mach No. Reynolds No. [/}
0.351 3.65 x 106 0.00
0.345 3.24 x 106 3.93
0.342 3.39 x 106 7.88

The results are shown in Figure 2.2-22B for the a = 3.93 degrees and
indicate relatively good agreement between all four computer programs and
test data. Note, however, that the Eppler code tends to underpredict the
Cp values in comparison to experimental data in the leading edge upper
surface region resulting in a greater pressure suction peak. This effect
was further pronounced at a = 7.88 degrees. It may also be noted that all
programs in this subcritical comparison for the angles of attack considered
overpredict the base pressure coefficient, resulting in a much higher
pressure recovery than was measured in the wind tunnel.

In the next series of numerical calculations carried out for the NACA
0012 airfoil, zero-degree angle of attack was maintained while the free-
stream Mach number was increased for the following conditions:

Mach No. Reynolds No. a
0.575 4.68 x 106 0.00
0.725 5.34 x 106 0.00
0.808 6.12 x 106 0.00

For the lower two Mach numbers, subcritical conditions were maintained and
comparisons between theory and experiment for these two cases were
considered acceptable with the exception of the region about the leading
edge suction peak and failure to recover the proper pressure at the
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trailing edge. However, comparisons of the 1ift, drag, and moment showed
these pressure differences to have a significant effect on the prediction
of the pertinent coefficients. Moreover, increasing the Mach number to the
third condition in this series of comparisons (M = 0.808) has produced a
supercritical flow condition as shown in Figure 2.2-22C. This emphasizes
that Smetana, et al. does not predict the existing shock wave because of
its solution methodology, whereas Garabedian, et al. and Carlson
successfully predict not only the magnitude of the pressure rise but also
the position of the shock wave.

Consideration of the more severe comparisons, i.e., the supercritical
test conditions for the NACA 0012 airfoil, are shown in Figures 2.2-22D, E,
and F for the following test conditions:

Mach No. Reynolds No. a
0.808 6.12 x 106 0.00
0.804 5.57 x 106 1.94
0.803 6.31 x 106 3.92

The zero-degree angle of attack, M = 0.808 case (Figure 2.2-22D), shows
good agreement between predictions and data over both the upper and lower
surface of the airfoil with the exception of the recovery pressure at the
trailing edge. As the angle of attack is increased to 1.94 degrees (Figure
2.2-22E), the deviation from experiment of both the Garabedian and Carlson
codes in terms of shock wave location, drag and moment can be easily seen.
Increasing the angle-of-attack further to 3.92 degrees for the nominal Mach
number of 0.8 results in the comparisons shown in Figure 2.2-22F. The
large discrepancy in the shock wave location between theory and experiment
in this case may be attributed to the strong shock wave, which is difficult
to model analytically, and possible departure from two-dimensional flow in
the OSU Airfoil Transonic Flow Facility.

NASA LS(1)-0413 Comparisons

The LS(1)-0413 airfoil was selected to illustrate the cambered
supercritical type of airfoils which differ from the symmetric NACA 0012
airfoil shape. As shown in Figure 2.2-23A, the LS(1)-0413 airfoil is a
cambered section that was designed for general aviation applications and
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originally termed the GA(W)-2. The airfoil contains the trailing edge
region cusp characteristics of the GA(W) series and of the supercritical
type airfoils. This airfoil, with a maximum thickness-to-chord ratio of
0.13, may be contrasted to the 12% thick symmetrical NASA 0012 section
shown in Figure 2.2-22A.

The subcritical cases were initially considered and results are shown
in Figures 2.2-23B and C for the following conditions:

Mach No. Reynolds No. a
0.45 3.8 x 106 0.00
0.67 3.4 x 106 0.00

Figure 2.2-23B indicates that, for these two cases, the theoretical predic-
tions of Smetana, et. al, and Eppler do compare well with experimental
data. However, the deficiencies of Eppler are evident in terms of recovery
pressure at the trailing edge for Mach numbers of 0.45 and 0.67, whereas
for this airfoil, Smetana, et. al. predictions are accurate. The leading
edge suction peak disagreement experienced earlier during the NACA 0012
comparisons is also present in this comparison, being prominent for the
Mach 0.67 case. The Garabedian computer program predictions for this case
are shown in Figure 2.2-23C and, as can be seen, are sufficiently valid
over both the upper and lower surface of the airfoil. As noted in the
discussion on per-case run times, this program is considerably more
expensive than that of Smetana or Eppler because of its methodology.

The next series of numerical calculations considered the following
test conditions:

Mach No. Reynolds No. a
0.7226 5.12 x 106 0.00
0.7552 5.11 x 106 0.00
0.8020 5.90 x 106 0.00

Comparisons of the computer program theoretical predictions with experi-
mental results at OSU Transonic Airfoil Facility for the first case are
shown in Figure 2.2-23D. Here, the prediction of shock wave location by
both Garabedian, et. al. and Carlson are acceptable. Carlson's prediction
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shows increased suction on the upper surface upstream of the shock Tocation
when compared to the experimental data, which indicates that the specified
angle-of-attack may be incorrect. Therefore, the 1ift coefficient should
be matched in these cases rather than a, an option which is available only
in the Garabedian code at the present time. Considering a higher Mach
number case, Figure 2.2-23E, indicates that the Garabedian computer program
capabilities have been exceeded, which is bossib]e for the present
theoretical codes when the shock Mach number exceeds 1.4. Although TRANSEP
was not run during this previous study, one would expect similar problems
when the local Mach number exceeds about 1.4.

Consideration of the drag divergence properties of any airfoil is an
important factor in the airfoil analysis. Drag coefficient calculations
have been carried out for the LS(1)-0413 airfoil and compared to the
experimental results of the OSU Transonic Airfoil Facility. The results,
shown in Figure 2.2-24, indicate excellent agreement between Garabedian and
experimental measured drag values. Figure 2.2-24 also indicates the
magnitude of the wave drag experienced beyond the drag divergence Mach
number. Additional comparisons between the OSU experimental data and
Garabedian theoretical results may be made by referring to the work of
McGhee and Beasley (Ref. 2.2-52).

The results of the limited comparisons contained here for both
airfoils indicate that at M € 0.3 and a 3 degrees, acceptable agreement
is arrived at between experiment and theory for all four methods. However,
as both the Mach number and a are increased, the Smetana and Eppler codes
depart from experimental results with lower pressures at the leading edge
and higher pressures near the trailing edge. In supercritical flow, the
theoretical predictions of both Garabedian, et al. and Carlson
satisfactorily agree with experimental data for moderate values of Tift
coefficient in terms of pressure distribution, shock wave location, and
magnitude of shock pressure increase. However, as the angle of attack is
increased, the pressure distribution computed by the Carlson code does not
agree well with the experimental data and is indicative of an improper
angle-of-attack input.
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2.2.4.7 Airfoil Data Banks

For cases wherein the detailed loading on the propeller is not
required, airfoil data banks can be implemented in order to obtain C_, Cp
and CM . These data banks would be developed based on airfoil type. The
user wéé?d input the airfoil type, chord length, thickness-to-chord ratio,
freestream Mach number, freestream Reynolds number, angle of attack, and
altitude. The resultant output would contain C_, Cp, and CM1/4'

At the time of the evaluation, three data banks were available. The
first two were developed by Korkan at Texas A&M University and include the
Clark Y airfoil series and a NACA 16 airfoil series. A separate NACA 16
data bank is also included in the UTRC propeller-nacelle code. Work is
also underway (Korkan) for the development of the NACA 65/CA series and the
four-digit series of airfoils. Additional airfoil data banks can be
developed using theoretical prediction methods discussed previously. This
would allow for the potential expansion of the airfoil data banks.

2.2.5 Propeller Acoustic Signature

Four propeller acoustic analysis procedures were evaluated for
possible inclusion in the GAPAS acoustics module. These procedures and
resulting computer codes were those developed by Woan and Gregorek (Ref.
2.2-53) at Ohio State, Succi (Refs. 2.2-54 and 2.2-55) at MIT, Martin and
Farassat (Refs. 2.2-54 and 2.2-56) at NASA-Langley Research Center (two
versions), and an empirical method developed at Hamilton-Standard (Ref.
2.2-58).

2.2.5.1 Acoustic Signature Technical Requirements

The above noted acoustic procedures and computer codes were evaluated
against the contractual propeller acoustic signature technical
requirements; namely, that the calculation procedures are to have the
capability to:

(1) Calculate discrete-frequency noise for non-compact sources,
including both loading and thickness noise components;

(2) Calculate quadrupole thickness noise for transonic rotational
speeds, with a contractor-provided criterion for application;
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(3) Calculate broad-band noise, with a contractor-provided Criterion
for application;

(4) Account for blade sweep and/or proplet tip devices.

The dcoustic analytical methods and codes were also evaluated based on the
factors shown in Figure 2.1-1, and discussed in Section 2.1. Each
procedure will be discussed in light of these factors and the technical
requirements delineated above.

2.2.5.2 Method of Woan and Gregorek

The method of Woan and Gregorek (Ref. 2.2-53) is a time-domain
formulation for a noncompact source which accounts for thickness and steady
pressure loading noise. To calculate the contributions of each blade to
the thickness and loading noise, the blade is divided into panels, and
contributions from each panel are summed over all panels. Calculations are
performed for both the near and far field for the acoustic pressure
signature and frequency spectra. The code provides thickness, loading, and
total noise values, handles different airfoil families efficiently, is
capable of handling in-plane sweep, and is user-oriented and numerically
efficient. Moreover, results compare well with experimental data (see
Figures 2.2-25 and 2.2-26). The formulation, however, is applicable to
subsonic helical tip Mach numbers only, requires airfoil pressure coeffi-
cient distributions at each radial location, and does not include 1/3
octave band, sound power level, broad-band noise, and perceived noise level
calculational capabilities.

With regard to the computer program, the code is currently operational
on the CDC Cyber 175 system and has an execution time of about 140 CPU
seconds for a typical case. The core storage requirement is approximately
130K octal words. A user's manual is not available for this code, however,

2.2.5.3 Method of Succi

In contrast to the analysis of Woan and Gregorek, which is applicable
for a non-compact source, Succi's method (Refs. 2.2-54 and 2.2-55) is a
time domain formulation for compact noise sources only. The method takes
into account both loading and thickness noise wherein the blades are
divided into small segments and the thickness and steady pressure loading
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contributions are summed over all segments. The code requires that a
chordwise pressure distribution be input at each radial location, and
outputs the acoustic pressure signature and frequency spectra for subsonic
helical tip Mach numbers only. In addition, the code computes 1/3 octave
band sound pressure level if desired. Broad-band noise, sound power level,
and perceived noise level capabilities are not included, however. The code
yields excellent agreement with experiment for in-plane measurements, but
only fair agreement for out-of-plane measurements in the near field (Figure
2.2-27). In addition, the code handles different airfoil families and is
numerically efficient.

With respect to the computer code, Succi's method is operational on
the CDC Cyber 175. 1In addition, program documentation and a user's manual
are available. For a typical case, the execution time of the code is
approximately 14 CPU seconds, and the code requires a core storage of
approximately 127K octal words.

2.2.5.4 Method of Martin-Farassat (PROPFAN-Formulation I)

The Martin-Farassat code (PROPFAN-Formulation I) (Refs. 2.2.54 and
2.2-56) is based on a time domain formulation for non-compact sources which
accounts for thickness and steady pressure loading contributions to the
noise field for subsonic propellers. The code outputs both acoustic
pressure signature and frequency spectra (i.e., sound pressure level as a
function of specified number of harmonics), for thickness, loading and
total noise contributions, and is capable of handling both in-plane and
out-of-plane sweep. Reasonable agreement with experimental data is
obtained in the near-field for in-plane and out-of-plane locations for both
pressure signature and spectral distributions (Figures 2.2-28 and 2.2-29).
The code does not include quadrupole noise source terms or the capability
of calculating 1/3 octave band, sound power level, perceived noise level,
or broad-band noise, however.

The subsonic module of PROPFAN I, also called SPN (Subsonic Propeller
Noise) is operational on the CDC Cyber 175 computer system. The code is
sufficiently documented to serve as its own user's manual. For a typical
case, the execution time is approximately 25 CPU seconds, and the code
requires a core storage of approximately 50K octal words.
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2.2.5.5 Method of Martin-Farassat (PROPFAN-Formulation II)

This version of the Martin-Farassat methodology (Ref. 2.2-56) is also
a time-domain formulation for non-compact sources but incorporates an
improved formulation for the transonic and supersonic speed ranges. The
code output is identical to that Formulation I, but reduced computer run
times and greater accuracy are anticipated for transonic and supersonic
helical tip Mach numbers. Again, as with Formulation I however, the code
does not include the quadrupole noise source term or have the capability of
calculating 1/3 octave band, sound power level, perceived noise level, or
broad-band noise.

The computer code, called TPN (Transonic Propeller Noise), is fully
operational at TRW and is sufficiently documented to serve at its own
user's manual. For a typical case, the execution time is approximately 10
CPU seconds, and the code requires a core storage of approximately 100K
octal words.

2.2.5.6 SAE AIR 1407 — Prediction Procedure for Propeller Noise

This code is based on an empirical method developed by Hamilton-
Standard (Ref. 2.2-57). It is based on static propeller test data and does
not include nacelle effects. The method has been shown to yield good
results in the far field for forward flight with a nacelle; however, since
flight effects act to decrease the noise and nacelle effects act to
increase it, the effects tend to cancel. The approach consists of deter-
mining a series of partial levels and correction factors from graphs and
summing the partial contributions arithmetically. The graphical quantities
have been curve fit by Korkan and Ruff (Ref. 2.2-58), and the code
originally developed for a programmable calculator has been implemented on
the TRW computer system. References 2.2-57 and 2.2-58 provide sufficient
information to serve as user's manuals.

2.2.6 Structural Analysis

2.2.6.1 Beam Model Structural Analysis Requirements

The determination of the steady-state deflected shape, the stresses
within the blade, and the natural frequencies of vibration (including mode
shapes) of the rotating blade are quantities that are very difficult to
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calculate for advanced propellers. A beam-type structural analysis model,
if it is developed correctly, has the advantages that it can calculate
these quantities using a minimum of computer storage and time. The beam-
type .structural model is applied by discretizing the blade into a series of
beam-type segments along the line of shear centers of the blade. The cross
sections of the blade, which are perpendicular to the line of shear cen-
ters, are used as the cross sections of the beam segments.

Studies have shown that a beam-type model can be successfully used to
analyze helicopter rotors (Refs. 2.2-59 through 2.2-62) and wind turbine
blades (Refs. 2.2-63 and 2.2-64). In these studies, the differential
equations of motion that define the blade were derived with the following
important capabilities: (1) A nonlinear strain-displacement relation is
used that is based on small linear strains and finite rotations. This is
important to correctly model the effects of the in-plane centrifugal forces
with the changing of the blade stiffness. (2) Allowances are included for
the mass center axis and the area center axis of the blade to be offset
from line-of-shear centers. These offsets are important for accurately
modeling the twisting and bending of the blade due to the centrifugal
forces. (3) Warping of the cross section is included based on the work of
Timoshenko (Ref. 2.2-65). (4) The centrifugal forces are derived using the
deformed position of the blade using relations that are compatible with the
nonlinear strain-displacement relations.

These equations can be derived using either Hamilton's Principle (Ref.
2.2-60) or Newton's force method (Ref. 2.2-59 through 2.2-61). The
solution of these nonlinear differential equations can be solved by either
the Galerkin method (Refs. 2.2-60, 2.2-62, and 2.2-64) or the finite
element method (Ref. 2.2-66 through 2.2-68). The finite element method is
preferred because it can be easily used to model propellers with irregular
geometries.

The inclusion of a structural analysis procedure for advanced propel-
lers, using a beam type model in the GAPAS program, can be accomplished by
either of two alternatives. The first method is to modify one of the exis-
ting structural analysis computer codes so that rotational effects can be
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included. The other alternative is to develop a new structural analysis
computer code which is specifically designed for propellers.

2.2.6.1.1 Evaluation of Existing Beam Structural Analysis Methods

.F1ve structural analysis computer programs, based on a beam-type
model, were considered as possible candidates for the GAPAS program. None
of these codes could be used to analyze advanced propellers without
extensive modifications. Four of the codes are general finite element
codes that do not include rotational effects. These codes are excellent
for the analysis of general beam-type structures, but they have never been
used to analyze propellers. The fifth code is designed to statically
analyze conventional propellers (straight), but it is incapable of advanced
propeller analysis.

A review of the computer codes that were considered follows.

ADINA. The ADINA finite element code was investigated as a possible
candidate for the structural analysis of advanced propellers utilizing a
beam-type model. This code has an excellent nonlinear beam element with
the capability to analyze large displacements. The overall size of the
code is relatively small for efficient programming techniques and for using
out-of-core equation and eigenvalue solvers. This program, which is not a
public domain computer code, would require major modifications in three
main areas before it could be used for propeller analysis. The first
modification is the inclusion of the centrifugal and the Coriolis forces of
the spinning blade. These forces are derived based on the deflected shaped
of the blade. The second modification is to alter the nonlinear
capabilities so that a full moderate deflection theory (i.e., small
strains, finite rotations) with nonlinear coupling between the
displacements and the rotations is used. The final modification is to
include a beam element composed of composite materials and cross section
warping.

NASTRAN. A computer code developed by MacNeal-Schwendler Corporation,
which was originally developed in the public domain (COSMIC/NASTRAN) and is
also sold commercially (MSC-NASTRAN), was also investigated. This finite
element computer code would require the same modifications as the
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previously described ADINA before advanced propellers could be structurally
analyzed. An additional task is required to reduce the overall size of the
code so that it will not exceed the GAPAS executive system requirements.
The only advantage of using this code is that it exists in the public
domain and a full listing is available from COSMIC.

SAMIS. The Structural Analysis and Matrix Interpretative System
(SAMIS) computer code was also considered as a possible candidate for the
analysis of rotating propellers utilizing a beam-type model. This public
domain finite element program is designed to perform the linear and
nonlinear, static and dynamic analyses of structures. The use of this code
within GAPAS would require the linear and nonlinear effects due to the
centrifugal forces to be calculated and input at each load step of the
solution process. These forces would be adjusted until the nonlinear
solution process converged to the nonlinear static equilibrium position of
the lToaded blade. Modifications would also have to be performed to
generate the mass, Coriolis force, and stiffness matrices about this
equilibrium position.

SPAR. The SPAR finite element computer code was also considered as a
possible candidate because a public domain version exists and its size is
well within the requirements of the GAPAS executive system. This code,
which has full nonlinear capabilities, requires a small core size because
of its judicious use of out-of-core equation and eigenvalue solvers. The
same modifications that are required for the ADINA would also have to be
completed before it could be used to analyze advanced propellers.

TRW-HARTZELL “"STEADY", A computer code developed by TRW-Hartzell,
which was designed to analyze the static deflections and internal loads of

a rotating straight propeller, was also considered. This code, STEADY, is
based on the Galerkin method (not the finite element method) to solve for
the nonlinear static equilibrium position of the blade due to steady
aerodynamic and centrifugal forces. Although this code has the capability
for analyzing propellers, there are still significant modifications that
would have to be made before advanced propellers could be analyzed. These
modifications would include allowances for blade sweep and pretwist,
conversion of the code to a finite element code, and development of
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structural dynamic capabilities (i.e., eigenvalue solvers) 1nc1dding
derivation of the Coriolis force matrix.

2.2.6.1.2 New Beam Model Structural Analysis Computer Code Development

The development of a new structural analysis computer code based on a
beam-type model was also investigated. This code would require less work
than modifying existing structural analysis computer codes (as previously
described) and would produce a code that is specifically designed to
analyze both conventional and advanced propellers. The procedure would
include the development of a nonlinear beam-type finite element computer
code that can calculate the nonlinear static equilibrium position and the
natural frequencies of vibration of the rotating blade. The propeller
would be modeled by a series of straight beam finite elements that are
located along the line of shear centers of the blade. The finite element
method is used because it has the versatility to analyze any arbitrarily
swept propeller with or without proplets. The structural model developed
for this code could be used in the development of an advanced propeller
aeroelasticity code.

The nonlinear beam finite element can be derived by extending the work
of previous authors (Refs. 2.2-59 through 2.2-61) to include the following
capabilities: (1) The beam cross section has a general shape with
allowances for offsets of the mass center and the area center from the
shear center. (2) Constants due to warping of the cross section are
derived based on the previous work of other authors (Refs. 2.2-69 and 2.2-
70). (3) The nonlinear equations are derived using a moderate deflection
theory (i.e., small strains, finite rotations) and an ordering scheme that
is used to identify and neglect higher order terms.

The finite elements would be developed using the variation of
Hamilton's principle, where the matrices associated with the kinetic energy
(i.e., mass, Coriolis force, centrifugal stiffness and force) are derived
with allowances for the deformed beam to be arbitrarily offset from the
spin vector. The nonlinear static equilibrium position of the blade is
calculated by neglecting the time-dependent terms and solving the nonlinear
equations due to the steady rotational forces and aerodynamic forces. The
hub forces and the stresses of the blade can then be calculated based on
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this position. The natural frequencies of vibration and the mode shapes
would be calculated by 1inearizing the nonlinear equations of motion about
the nonlinear static equilibrium position.

2.2.6.2 Plate Model Structural Analysis Requirements

A finite element structural plate module that can model propeller
blades of low aspect ratio or high activity factor is requested for the
GAPAS program. This module, which will use isoparametric plate-type finite
elements to define the propeller, will calculate a refined representation
of the stresses along the chordwise direction and calculate chordwise
vibration modes or local modes along the propeller edge. The results are
very important to designers of highly swept composite blades where local
edge stresses may become large enough to cause material delamination.

The structural theory that is required to model the propeller using
plate-type finite elements is a full two-dimensional moderate deflection
theory that includes allowances for finite rotational deflections. This is
required because finite rotational deflections (bending and twisting) have
been recorded in the wind tunnel testing of highly swept advanced propel-
lers. The two-dimensional moderate deflection theory requires the use of
nonlinear strain-displacement relations that will produce a set of highly
nonlinear differential equations of equilibrium. The inertial forces and
aerodynamic forces are also derived so that they are fully compatible with
the nonlinear strain-displacement relations. The linear and nonlinear
finite elements are derived using an isoparametric formulation and the
variation of Hamilton's principle.

A plate-type model structural analysis program for GAPAS which uses a
full two-dimensional moderate deflection theory is currently beyond the
scope of the commercially available finite element computer codes. Many
nonlinear finite element codes exist that are based on a semi-moderate
deflection theory (geometric stiffness matrices), but none of these
contains the rotational effects that are derived to be compatible with the
moderate deflection theory. There are two choices for the development of a
structural plate module. The first is to modify an existing finite element
code so that it includes the nonlinear and rotational effects and still
fits within the GAPAS storage requirement. The second choice is to develop
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a new plate-type structural analysis computer program that is based on a
full two-dimensional moderate deflection theory and contains all of the
rotational and aerodynamic effects modeled in a compatible fashion.

2.2.6.2.1 Evaluation of Existing Plate Model Structural Analysis Methods

Five computer codes were considered as possible candidates for
performing the plate-type analysis of advanced propellers for the GAPAS
program. All of these programs have the capabilities for addressing a
Tinear or nonlinear analysis, but only one is capable of analyzing rotating
structures. These codes would require significant modification so that the
rotational forces (i.e., Coriolis force matrix, centrifugal stiffening
matrix, centrifugal force array) are correctly modeled and included. 1In
order to make these modifications, the source code must be available.

A review of the five computer codes that were considered follows.

ADINA. The ADINA finite element computer code was considered as a
possible candidate for the following reasons: (1) This code has an
excellent family of plate and shell type finite elements that would require
minimum modification in order to analyze advanced propellers. These
elements were derived based on the DKT (discrete Kirchhoff theory) method
and are extremely efficient and stable for very thin plates (Ref. 2.2-71).
(2) The program has full nonlinear analysis and structural dynamic
capabilities. (3) The equation and eigenvalue solvers are written out-of-
core so that the program takes very little actual core space to run. The
size of this program is well within the requirements of the GAPAS executive
system.

The disadvantages associated with the ADINA computer code are that it
is not available to the public domain (i.e., no source listing) and that
modifications of the code would be required. These modifications include
the development of all matrices associated with the rotational forces and
the nonlinear moderate deflection.
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AGGIE-I. A fully nonlinear finite element computer code (AGGiE—I),
developed at Texas A & M, was considered for the GAPAS program because it
exists in the public domain and is of minimum size due to the use of
efficient programming techniques and out-of-core solvers. This code is a
reworking of the NON-SAP computer code with additional capabilities such
as: (1) linear or nonlinear orthotropic material properties, (2)
nonlinearities due to large displacements or large strains, and (3) better
behaved two-dimensional (plate) elements and three-dimensional (solid)
elements.

The disadvantage of this code is that it is still under development
and verification. Portions of the nonlinear static and the eigenvalue
options have not been fully checked out. It would be difficult to make
modifications to this code to include the rotational and nonlinear moderate
deflection effects if the original code has not been debugged.

BELL/NASTRAN PROPELLER FLUTTER CODE. The COSMIC/NASTRAN finite
element computer code, modified by the Bell Corporation for analyzing
propellers, was studied as one of the possible options for the GAPAS
program. This modified code includes all of the effects due to rotation

(centrifugal stiffening matrix and force array) and a nonlinear strain
theory (geometric stiffness matrix). This code is too large for the GAPAS
executive system and significant modifications would have to be made to
reduce the size before it could be considered for GAPAS.

SAMIS. The Structural Analysis and Matrix Interpretative System
(SAMIS) finite element computer code was also considered because it is a
public domain program that has linear and nonlinear, static and dynamic
capabilities. This code has a constant thickness, isotropic plate-type
element that is not very well-behaved for moderately thick applications.
In order for this code to be considered for GAPAS the following
modifications would be required: (1) install a better orthotropic plate or
shell-type element that has improved convergence properties for thin plate
applications (DKT element) and moderately thick applications (Mindlin
element); (2) develop the nonlinear stiffness matrices for the new plate
element using a moderate deflection theory; (3) develop the matrices
associated with the rotational forces (i.e., Coriolis force matrix,
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centrifugal stiffening matrix, centrifugal force array); (4) convert the
appropriate routines so that orthotropic materials and rotational effects
can be input.

'SPAR. The SPAR finite element computer was also investigated as a
possible candidate for the GAPAS program because it has the advantages of
being a public domain program and requiring very small core space (100K
octal). This computer code includes a wide range of capabilities including
static and dynamic responses to concentrated and distributed loads, use of
either a standard or complex eigenvalue solver for vibration analysis, and
nonlinear analysis for beam elements and shear panels can be used for
structural stability calculations or for the calculation of the nonlinear
equilibrium position.

Although the SPAR computer code is a fine code for doing structural
analysis, there are no allowances in the program for modeling of rotational
dynamics, nonlinear bending of plate or shell type elements, or for an
jteration scheme for calculating the nonlinear position of structures com-
posed of plate-type elements. These matrices would have to be developed
using a theory that is compatible with the plate and shell elements that
currently exist in the program. Once these matrix subroutines are derived,
an iteration scheme (Newton-Raphson method) would have to be incorporated
into the program so that the nonlinear stiffness matrix can be updated
after each load step.

Care must be taken to ensure that the addition of the subroutines and
the iteration scheme would not make the code too large for the GAPAS execu-
tive system. If that were to occur, sections of the SPAR code would have
to be removed (i.e., thermal loading routines, fluid element routines,
shear panel routines).

2.2.6.2.2 New Plate Model Structural Analysis Computer Code Development

The development of a new plate-type finite element analysis code that
can be used in GAPAS would require that a complete two-dimensional moderate
deflection theory be derived for the propeller. This moderate deflection
theory would include allowances for finite rotational deflections and the
use of higher order nonlinear strain-displacement effects in order to model
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the nonlinear coupled bending-torsion deflections of the propeller. The
material properties of the plate (or flat shell) would include allowances
for a laminate construction composed of orthotropic materials. The model-
ing of the inertial loads and the aerodynamic loads must be done using the
deformed shape of the blade in a way that is fully compatible with the two-
dimensional moderate deflection theory. The triangular and quadrilateral
finite elements associated with the plate-type element would be derived by
the variation of Hamilton's principle using an isoparametric formulation.
Because some of the matrices are nonlinear, a Newton-Raphson iteration
scheme must be employed in order to adjust the nonlinear stiffness matrices
during the calculation of the nonlinear static equilibrium position. A
bandwidth minimizer and an out-of-core eigenvalue solver are required to
ensure that the size of the program does not exceed the requirements for
the GAPAS executive system.

The newly developed plate finite element computer code would follow
the same solution methodology as the beam-type structural analysis proce-
dure of GAPAS. By doing this, many of the routines that have been devel-
oped for the beam computer code can be directly incorporated. It would
also be possible to combine the two codes so that propellers that are
composed of both beam and plate-type finite elements could be analyzed.

2.2.7 Aeroelastic Analysis Procedures

The development of prop-fan blades, which are highly swept and
extremely thin, has led to a complex problem of predicting the aeroelastic
stability boundaries, forced response, and vibratory characteristics. Most
of the studies that have been performed in the area of aeroelastic
predictions, during the past 20 years, have been concerned with helicopter
rotors. The development of an aeroelastic model for advanced propellers
requires that both the structural model and the aerodynamic model of the
blade be more complex than the equivalent helicopter rotor model. The
structural model must include allowances for nonlinear deflections, blade
sweep and pretwist, and nonisotropic material behavior. The aerodynamic
model must incorporate both the steady and unsteady aerodynamics of the
swept blade rotating near transonic Mach numbers.
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The aercelastic model that is used for the advanced prope]fer must be
capable of determining:

(1) Eigensolutions of the structurally coupled mode shapes and
natural frequencies

(2) Steady-state blade displacements, moments, and stresses

(3) Time history solutions of blade displacements, moments, and

stresses.

There are a limited number of computer codes that have the capability
of performing an aeroelastic analysis of advanced propellers. These codes,
which have been written recently, are extensions of the work by investiga-
tors analyzing helicopter rotors. Four alternatives were evaluated as
possible candidates for the propeller aeroelastic portion of the GAPAS
program. They are:

(1) Use of the G400-PROP aeroelastic code, which was developed by
UTRC, to perform the aercelastic analysis

(2) Use of the Bell/NASTRAN propeller flutter code

(3) Modification of an existing helicopter aeroelasticity computer
code

(4) Development of a new aeroelastic computer code specifically de-
signed for advanced propellers.

2.2.7.1 UTRC-G4A00PROP Aeroelastic Computer Code

A computer code was developed by United Technologies Research Corpor-
ation (UTRC) to perform the aeroelastic analysis of advanced propellers
under NASA contract NASA 3-22753 (Ref. 2.2-72). This code, G400-PROP, is a
modification of a previously developed helicopter rotor aeroelastic code
(G400) with allowances for blade sweep, blade pretwist, and improved
aerodynamics at high Mach numbers.

The structural model for the propeller is developed based on a linear
straight beam-type model developed by Houbolt and Brooks (Ref. 2.2-73) with
allowances for blade pretwist and blade sweep. The sweep of the blade is
approximated by taking the undeformed curved line of shear centers of the
blade and straightening it out so that an equivalent straight propeller can
be analyzed. This approximation, which is only correct for very small
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sweep angles, neglects the coupling effects that are introduced due to the
geometric sweep of the blade. The nonlinear terms associated with a moder-
ate deflection theory (i.e., small strains, finite rotations) are not in-
cluded, which also 1imits the accuracy of the model.

The aerodynamic model, which is used in the code, is based on propel-
ler aerodynamics and the original helicopter aerodynamic model has been
removed. The new model is based on a two-dimensional strip theory with
allowances for swept airfoil flow effects and coupling between propeller
and nacelle. The aerodynamic load representation in the attached flow
region (unstalled case) is based on time domain aerodynamics using Pade
approximants. A model for dynamic stall, developed by Gangwani (Ref. 2.2-
74), has been incorporated using curve-fitting of experimental data. This
model represents the state of the art for propeller airfoil unsteady
aerodynamics.

The differential equations of equilibrium are discretized using the
global Galerkin method. The nonlinear static equilibrium position of the
blade due to the steady aerodynamic forces and the centrifugal forces must
be defined as a user input. Since this equilibrium position is not known
and is unique for each operating condition, numerous errors will occur if
the position is not correctly defined.

The initial version of this code was too large to operate on the
computer system without overlay (440K octal words) and this could not be
used as one of the candidates for GAPAS. A reduced version of the code has
been developed (350K octal) however this version would have to be run as a
stand-alone code and could not be an integral part of GAPAS.

2.2.7.2 Bell/NASTRAN Propeller Flutter Computer Code

A computer code developed by Bell Corporation, which is capable of
calculating the flutter boundaries of advanced propellers, was also consid-
ered as a possible candidate. This code was developed by making modifica-
tions to the COSMIC/NASTRAN finite element code to account for blade rota-
tion (i.e., Coriolis and centrifugal force matrices) and steady aerodynamic
loads. The modifications were derived based on a linear theory and were
incorporated by adding five modules to the code. A geometric stiffness
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matrix, which was derived based on a nonlinear strain theory (ndt a
moderate deflection theory), is used to calculate the nonlinear equilibrium
position of the blade due to the rotational and aerodynamic forces.

‘The following are the limitations of the BELL/NASTRAN code: (1) The
current version of this code is not capable of analyzing an advanced
propeller subjected to unsteady aerodynamic loads. In order to study this
problem, the unsteady aerodynamic stiffness and damping matrices must be
derived and input into the program by the user. (2) The time history
solutions of the blade displacements and stresses cannot be determined
without making considerable modifications to the code. (3) The code is too
large for the GAPAS executive system and significant changes would have to
be made in order to reduce the size.

2.2.7.3 Modification of Existing Aeroelastic Computer Codes

A study was also done to determine the practicality of developing an
aeroelasticity code by combining portions of existing aeroelasticity codes.
This would include using a structural model from an aeroelasticity code
that is based on the finite element method (Ref. 2.2-75) and using the
dynamic stall model and the unsteady aerodynamic model from the G400-PROP
computer code (Ref. 2.2-72). Two advantages can be jdentified when
following this approach. First, a finite element structural model is
capable of correctly accounting for sweep and pretwist of an advanced
propeller. This model is derived based on the full moderate deflection
theory (i.e., small strains and finite rotations) and includes all of the
constants associated with cross-section warping. Second, the unsteady
aerodynamic model from the G400-PROP is an excellent package that is
derived in the time domain, using Pade approximants.

This approach has the advantage that the best portions of existing
aeroelastic codes can be combined to create a hybrid computer code. Con-
siderable time can be saved by using portions of these codes directly
rather than rederiving them. The only disadvantage with this approach is
that the actual programming of each code must be fully understood and that
the new code must correctly access all the capabilities of the two existing
codes.
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2.2.7.4 New Aeroelastic Computer Code Development

The development of a new aeroelastic computer code, which is specific-
ally designed for advanced propellers, was also investigated. The
advaﬁtage with this approach is that a code could be designed to be fully
compatible with all of the other existing codes in GAPAS. The structural
and aerodynamic models would be derived based on advanced propeller
parameters instead of altering existing helicopter aeroelasticity codes
(i.e., G400-PROP). A nonlinear structural model would be needed which is
based on the finite element method and includes the effects due to cross
section warping, large centrifugal forces, and nonisotropic material
behavior. This model would be developed as part of the GAPAS structural
analysis. Options would also be included so that actual experimental mode
shapes could be used instead of the finite element mode shapes. The
aerodynamic model would be derived based on the same assumptions as the
structural model so that it is fully compatible. This model would follow
the aerodynamic model of the G400-PROP, using Pade approximants for the
time domain unsteady aerodynamics and a dynamic stall model developed by
Gangwani (Ref. 2.2-74). Cascade effects would be incorporated in the
unsteady unstalled aerodynamics, which is important for multibladed
propellers.

The development of this code would be a major undertaking but would
produce the best results for the analysis of advanced propellers.
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2.3 RECOMMENDATION OF ANALYSIS PROCEDURES
FOR INCORPORATION INTO GAPAS

The following summary describes the conclusion and recommendations for
Incorporation of analysis procedures into GAPAS as well as the modifica-
tions necessary to allow GAPAS to meet the operation requirements as
discussed earlier,

2.3.1 Geometry Generator Module

Since an adequate geometry computer code does not exist for incorpora-
tion into GAPAS, a new geometry generator module will be developed.

2.3.2 Aircraft Flow Field Module

The inflow velocity components in the plane of the propeller are
calculated by Jumper's code (Refs. 2.2-1 and 2.2-2) using incompressible
potential flow methods. The fuselage/nacelle geometry is divided into
source panels of unknown strength, while the wing is replaced by an
equivalent 1ifting horseshoe vortex.

There was some concern that the influence coefficients, as calculated
by JUMPER, should be computed more accurately for the effect of nearby
panels using the ideas of Hess and Smith (Ref. 2.2-5). However, comparison
of results in Figure 2.2-12 computed with the axisymmetric NEUMANN code
show good agreement.

One drawback of JUMPER is the model of the wing — a single horseshoe
vortex. Calculation of the upwash ahead of a wing modeled by a series of
lifting lines is depicted in Figure 2.3-1. The results of a small stand-
alone calculation of the upwash ahead of a finite span wing are shown in
Figures 2.3-2 and 2.3-3. As can be seen, the single horseshoe vortex
underpredicts the upwash by half compared to 1ifting line calculations with
two or more chordwise divisions for propeller planes about 10% of the wing
semispan ahead of the wing leading edge. The upwash will affect the local
angle of attack at the propeller blade for various azimuth locations. The
streamwise component of the inflow velocity should not be affected as much.,
This modification is not implemented into the current aircraft flow field
module. Minor modifications would be required in the definition of
sideslip and angle of attack to correspond to standard aircraft notation.
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In addition, the propeller plane would be generalized so that a curved
propeller could be considered. The input/output routines would also be
modified to interact with the data base.

2.3.3 Propeller Aerodynamic Performance

Based on the detailed aerodynamic procedures review, it is recommended
that the UTRC code be the primary code utilized in GAPAS for the steady-
flow case, and that the Chang-Sullivan codes be implemented as a secondary
code for the consideration of configurations with proplets. In addition,
it was recommended that the Aljabri code be implemented into GAPAS to
provide the capability for calculating unsteady effects. The required
modifications to the above codes are described below:

(1) The Chang-Sullivan and Aljabri codes required a change in the

calls to the airfoil section data in the individual codes to

calls to external data banks as defined in the airfoil loading
module.

(2) Improve the integration subroutines in the Aljabri code for the
: calculation of thrust and power coefficients in order to provide
greater flexibility and accuracy.

(3) In the area of new developments, an investigation of propeller
aerodynamic optimization methods for use in a GAPAS limited
design mode of operation.

2.3.4 Airfoil Loading Module

After review of the analysis procedures, the following recommendations
for the airfoil loading module are made:

(1) Incorporate the Eppler code into GAPAS for use in the propelier
hub region (i.e., Me 0.3 and Reep < 106). This recommendation
is based on Eppler's use of the code for thick airfoil sections.
A modification to this code is also necessary in order to include
the effect of weak viscous-inviscid interaction.

(2) Incorporate the Smetana code into GAPAS for use in the propeller
mid-section (i.e., Mw < 0.6, Rew > 106). Necessary modifications
would involve the incorporation of the Eppler CL model as well

max
as cleaning up the code logic. In addition, a study would be
necessary in order to select one of the two turbulent models for
use in GAPAS.

(3) Incorporate the TRANSEP code into GAPAS for use in the propeller
tip region (My > 0.6, Mjgcat < 1.4)
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(4) Incorporation of the G&K code into GAPAS would require
substantial modification such as the inclusion of a (1) laminar
boundary layer capability; (2) transition criteria; and (3)
massive separation model. Since initial comparisons show TRANSEP
able to handle the supercritical cases, G&K will be used as a
backup code.

(5) Incorporate the Clark Y and NACA 16 airfoil data banks into
GAPAS. As additional data banks become available, these can also
be incorporated.

(6) For the higher Mach number cases, wherein the Carlson code is
unable to be utilized, airfoil data banks will be required.

(7) Due to limited input data in describing the geometry of the
propeller, spline-fit routines will be necessary in order to
obtain a smooth set of airfoil coordinates. Results of using the
previously described analysis codes show inaccurate results can
be obtained for C|, Cp, and Cy if discontinuities in slopes exist
in the airfoil shape.

(8) Development of an algorithm for the selection of the proper
airfoil code to be used. This will depend on freestream
conditions, propeller locations, airfoil geometr,. This will
require an evaluation of these codes to determine consistency in
the overlap regions.

In summary, specification of the airfoil coordinate geometric data
after smoothing, angle-of-attack, Mach number, Reynolds number, and fixed
or natural boundary layer transition with appropriate selection of the
airfoil analysis code would then yield C_, Cp, Cp(LE), and Cp(c/4) along
with the required pressure distribution. These pressure distributions
would then be stored for each radial location on the propeller to be used

in the propeller acoustic performance and structural analysis calculations.

2.3.5 Propeller Acoustic Signature

Based on review of the described methodologies, the Martin-Farassat
code — Formulation II has been selected as the primary code to be utilized
in GAPAS for acoustic calculations. This code has the capability of
handling in-plane and out-of-plane blade sweep, as well as subsonic,
transonic, and supersonic flow regions. Secondary codes for implementation
are the Succi code and the SAE AIR 1407 method.
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Modifications to the acoustic module require the inclusion of’a noise
source information routine to calculate:

(1) Sound power level spectra (1/3 octave band)

(2) oOverall sound power level

(3) Sound pressure level spectra (1/3 octave band)
(4) Overall sound pressure level (1/3 octave band)
(5) A-weight sound pressure level

(6) 1/10, 1/3, and full octave sound pressure level
(7) 1/10, 1/3, and full octave sound power level
(8) Perceived noise level

(9) Broadband noise.

2.3.6 Structural Analysis Module

After evaluation of the beam analysis codes, it was recommended that a
new structural analysis computer code, based on a nonlinear beam-type
finite element model, be developed. This code would be derived using
assumptions that are fully compatible with the other codes that are to be
incorporated within GAPAS. In addition, a section properties and shear
center computer code would be developed that would generate the line of
shear centers of the propeller and all of the structural constants of the
blade about this line of shear centers.

The 1ine of shear centers of the blade is determined by: (1)
calculating the shear center locations for a set of cross sections
perpendicular to the initial guess of the line of shear centers, (2)
fitting a polynomial through the calculated shear center locations, (3)
recalculating the shear center locations based on cross sections
perpendicular to the polynomial, and (4) fitting a new polynomial through
the recalculated line of shear centers. This iteration process continues
until the polynomial (i.e., line of shear centers) converges to a unique
solutijon.

01-154-86 2-84



It is recommended that a new plate-type structural analysis program be
developed as part of a follow-on effort after the initial version of GAPAS
is verified. This program would be developed along the same lines as the
beam-type program so that the two would be fully compatible. An additional
advantage is that it would be an easier task to develop a plate-type
aeroelasticity model using this plate-type structural model as a basis.

2.3.7 Aeroelasticity Module

After evaluation of alternatives, it was decided that the reduced
version of the G400-PROP computer code would be incorporated into GAPAS as
a stand-alone code after it has been fully verified by UTRC. This would
require all the necessary input to be generated by the GAPAS code and
submitted as an input file to the G400-PROP code. A series of test cases
would then be run to check the validity of the code by comparing the
results from the code with experimental results. These test cases would
include both stability and response calculations. The sensitivity of the
user-defined equilibrium position and the simplicity of the structural
would be investigated.

If, as a consequence of the tests, the G400-PROP program proves itself
to be either unreliable or has severe limitations, it is recommended that a
new aeroelastic analysis based upon the moderate deflection, swept,
pretwisted, finite-element beam model be developed for the aeroelasticity
module in GAPAS.
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2.4 EVALUATION OF PROCEDURAL SYSTEMS

2.4.1 Procedural System Requirements

The selection of the procedural system is partially based on the
requirements of the analysis procedures discussed previously. However,
additional requirements are introduced when user friendliness and specific

user options are introduced. A summary of the required capabilities of the

procedural system is described below:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)
(10)

(11)

(12)

01-154-86

Generation of propeller, nacelle and airframe geometry
characteristics in a common modular format for use by the various
calculation procedures from simple user input options.

Modular design so that different parts of the analysis system can
be developed, operated, modified or replaced independently.

An overall scheme for communication and interaction between the
relatively independent modules only through the procedural
system,

Data base management for the orderly transfer of information
between modules.

Program software which is adaptable to generally available
computers. In particular, subprograms that are unique to a
specific computer and not adaptable to others, shall not be
considered.

User control for simple input preparation and selective use of
the calculation modules.

Single-pass, noninteractive analysis mode of operation for the
aerodynamic, acoustic and structural branches of the system.

Multiple-pass, interactive analysis mode of operation for the
aerodynamic, acoustic and structural branches of the system with
a convergence criterion recommended by the contractor.

User control in batch or interactive modes.

Step-by-step problem solution without penalty for repeated
problem setup.

Problem restart following either planned or unplanned
interruptions.

Diagnostics and defaults to minimize user input data and identify
procedural errors.
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(13) Translation of diagnostics to remedy procedural errorS and print
out explanatory messages.

(18) A file security system to prevent accidental destruction of
stored files.

These requirements may be satisfied with a software design for GAPAS
consisting of two independent program segments: (1) the procedural system,
and (2) the functional module library. The procedural system is an
executive system that controls the flow of analysis modules calculations
and provides errors handling. The functional module library simply
contains all the incorporated analysis modules.

Two such systems, the NASA-Langley ANOPP and the TRW JCL system are
potential candidates for GAPAS. The ANOPP system represents an internal
system that controls the execution flow of analysis modules by using
internally coded control language. The JCL system is an external system
because it uses control language supported by a host computer operating
system. A review of these two procedural systems is described below.

2.5 CANDIDATE PROCEDURAL SYSTEMS

2.5.1 ANOPP Procedural System

The ANOPP system, which stands for Aircraft Noise Prediction Program,
was developed by NASA-Langley for the analysis of aircraft noise. The
procedural system is one of the two parts of the overall system while
performing three distinct functions. These functions are controlled by
management systems which provide or handle executive, data base and dynamic
storage services.

The executive management system controls the execution flow of
analysis modules by using internally coded control statements. These
statements, once processed, perform the following tasks:

(1) Perform system initialization

(2) Interpret all input control statements

(3) Control the execution of functional modules by bringing them into
the dynamic storage area one at a time, thus achieving the goal
of modularity

(4) Direct the action to be taken when a fatal error is encountered
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(5) Preserve the operating environment at user selected checkpoints
during execution for subsequent restart runs

(6) Re-establish the operating environment preserved in a previous

execution by a user checkpoint request.

The ANOPP internal control statements are defined and monitored by the
executive management system, just as job control cards are monitored by the
host operating system. The control statements provide basic functions as
Job processing control, branching control, data base manipulation, etc.

The ANOPP data base management system has a hierarchical structure
which, from top to bottom, consists of data units, data members, records,
elements and words. A data unit is a collection of data members, and a
member is a collection of records, etc. The system is controlled by
various data structures, directories and tables, which in turn provide a
means of storing and retrieving data on sequential and direct access
storage devices. In particular, the following features are provided:

(1) Creation of new data units on direct access devices
(2) Access of existing data units

(3) Direct and sequential access of data members

(4) Binary or formated data types

(5) Reading and writing of data members and records.

The ANOPP dynamic storage management system provides basic allocation
and deallocation of core storage within an execution. The dynamic core is
defined as that portion of machine memory available within the program
field length. The control of storage is accomplished by dividing the field
length into two areas, the global and local dynamic storage areas. For a
given execution run, the size (and therefore the boundary) of the global
area is fixed and it contains all the permanent routines necessary to drive
the executive system, internal data structures and directories. The local
area houses the transient routines which may be part of the executive
system or functional modules. Transient routines are constantly unloaded
to provide space for other transient modules. There, the local area is of
variable length depending on the size of the routine currently residing. A
top-down diagram of the storage layout is illustrated in Figure 2.5-1.

01-154-86 2-88



REFERENCE

ADDRESS
PERMANENT MODULES
e Executive Modules
e Dynamic Storage Modules
e Data Base Modules
PERMANENT
MODULE BOUNDARY TRANSIENT MODULES

e Application Modules
e Executive Modules

LDS BOUNDARY | —mmmemm— oo

LOCAL DYNAMIC STORAGE
e Variable Dimension Arrays
e Intra-Module Communication

GDS BOUNDARY

GLOBAL DYNAMIC STORAGE
e Data Base Tables and
directories
e Inter-Module Communication

REFERENCE AD-
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Figure 2.5-1. Schematic Layout of Core Storage
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To demonstrate the capability and relative ease of using the ANOPP
procedural system, a fictitious sample case is constructed as shown in
Figure 2.5-2. The figure illustrates a typical ANOPP input file which
activates the procedural system to perform a number of different tasks.
First, the "STARTCS" control statement initializes the system. "CREATE"
and "UPDATE" instruct the data base management system to open a new
formated data file with actual data following the "UPDATE" statement. Then
two functional modules DIM and GGM are loaded separately into the local
dynamic storage area for execution. Upon completion, two other modules,
AFM and PAM are executed five times, one after another. This conditional
branching mechanism is accomplished by using "PARAM" and "IF GOTO"
statements. Finally, the ANOPP session is terminated by the “ENDCS"
statement. It is clear the design of the control statements is based on
the FORTRAN language. Because of this similarity, a first-time user can
learn and subsequently master the system without much difficulty.

2.5.2 JCL Procedural System

The TRW JCL system can be viewed as a concept or procedure that a
programmer normally adopts when confronted with a need to link up a number
of large and diversified computer codes through their input/output
requirements. The approach is to treat each code as a stand-alone separate
program. Each program is executed and the results required for other
programs are written into a data file(s) and saved at the end of the
current session. For fast data access, binary data files should be used.
Formated files should be created for those which may require user
manipulation. Formated files are preferred because of their readability.
A collection of these data files forms a data base through which all
modules interact. Therefore, each module is loaded in core one at a time
using system job control cards. When the processing is completed, the
module is unloaded from core thereby freeing up the resources for other
modules. A schematic of the procedural system is shown in Figure 2.5-3.
this figure shows a single-pass run with processing starting with module
ECM and proceeding from left to right to PPM. For a multiple-pass or
design run, program execution requires looping back and repeating the
execution as shown,
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Jos, ...
USER, ...
CHARGE, ...
ATTACH, ANOPP
RFL, 170000.

ANOPP.

7/8/9 (END OF RECORD CARD)
STARTC §

ANOPP, JECHO = TRUE. LENGL = 3500 $
$

$ DEMQ PROBLEM FOR GAPAS, SINGLE PASS MODE

€ CREATE REQUIRED INPUT DATA BASE MEMEER

$

CREATE DIM %

UPDATE NEWU = DIM SOURCE = * %
- ADDR  QOLDM=*, NEWM=GEOM  FORMAT=3H4RSS
0.0 0.0 0.0075 £.0179
0.1 0.0 0.0080 0.0200

END* §
EXECUTE DIM §
EXECUTE GGM §
PARAM COUNTLR
REPEAT PARAM COUNTER
EXECUTE AFM §
EXECUTE PAM
IF (FLAG.EQ.TRUE) GOTO ENDLOOP §
IF (COUNTER. NE. 5) GOTO REPEAT §
ENDLCOP CONTINUE §
EXECUTE BSM §

0 FLAG = .FALSE. §
COUNTER + 1 §

ENDCS § |
6/7/8/9 (END OF INFORMATION CARD)

Figure 2.5-2. Sample Case Using ANOPP Internal Control Statement
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Constructing job control cards for a specific run may be tedious and
prone to error. A software program can be written to alleviate such
problems. The program, termed EXECUTION CONTROL MODULE (ECM) in Figure
2.5-3, reads user input which specifies single-pass, multiple-pass, design
or a restart run. Depending on the processing mode available to a user,
the ECM supported directives can be input in card form in a batch mode, or
through a question-and-answer session in an interactive mode. After
processing the user directives, ECM creates a file containing job control
cards necessary to interact with the host computer system for a specific
run.

Figure 2.5-4 demonstrates the concept of the JCL procedural system for
a CDC computer system. The CDC control language is designed for
simplicity, thereby eliminating the requirements for specifying any
input/output devices as commonly encountered in IBM systems. The left-hand
side of the figure shows the control card sequence required to run module
ECM. After user directives are processed, ECM creates a file called
JCLFILE which is subsequently processed by CDC control statement "BEGIN".
The content of JCLFILE appearing on the right, contains a set of CDC
control statements. These statements retrieve modules DIM and GGM for
execution, then repeat execution of modules AFM and PAM five times. The
counter mechanism is controlled by three control registers, R1, R2 and R3.
Upon completion, processing continues with BSM and so on.

This simple example of the JCL system shows that such a system can be
developed to satisfy some GAPAS requirements.

2.6 RECOMMENDATION OF PROCEDURAL SYSTEM FOR USE IN GAPAS

Although only two procedural systems have been examined, four
different options exist because of host computer system differences. The
issue of computer system differences arises because the ANOPP system is
heavily CDC machine-dependent and the program requirement stipulates that
GAPAS be developed for use on the NASA Lewis IBM TSS/370 system. These
options are as follows:
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JOB, ...
USER, ...
CHARGE, ...
ATTACH, ECM.
FIN, ECM.

LGO.

RETURN, ECM.
REWIND, JCLFILE.
BEGIN, JCLFILE.
7/8/9  (END OF RECORD CARD)
DIRECTIVE 1.
DIRECTIVE 2.

INPUT
FOR
ECM
EOR.
ANAMELST] L=1, J=10, ...
. INPUT
FOR
DIM

6/7/8/9  (END OF FILE CARD)

PROC, JCLFILE.

COMMENT. RETRIEVE DIM FOR EXECUTION.
ATTACH, DIM.

LOAD, DIM.

EXECUTE.

RETURN, DIM.

ATTACH, GGM.

LOAD, GGM.

EXECUTE, INPUT = GGMINPT.

RETURN, GGM.

COMMENT. SET CONTROL REGISTER R1, R2,

AND R3.

SET (Rl = 0).

SET (R2 = Q).

SET (R3 = 5).

COMMENT. "WHILE" THROUGH "ENDW" DEFINES
A LOOP.

WHILE (R2. LT. R3) FINISH.
ATTACH, AFM.

LOAD, AFM.

EXECUTE, INPUT = AFMINPT.
ATTACH, PAM,

LOAD, PAM.

EXECUTE, INPUT = PAMINPT,
SET (R2 = R2 + 1).
COMMENT. R1 SET INSIDE PAM.
IFE (R1. NE. 0) OUT.

ENDW, FINISH.

ENDIF, OUT.

RETURN, AFM,

RETURN, PAM,

ATTACH, BSM.

LOAD, RSM.

EXECUTE, INPUT = BSMINPT.
RETURN, BSM.

ATTACH, PPM.
LOAD, PPM.
LGO, PPM. EXECUTE, INPUT = PPMINPT.

REVERT .

Figure 2.5-4, Sample External - JCL Procedure System
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(1)

(2)

(3)

(4)

JCL Procedural System on CDC/NOS Computer: This is a viable
option due to system simplicity, but undesirable because the
project requires that GAPAS be developed for the IBM TSS/370
computer. Furthermore, the risk of unforeseen development
problems and the 1ikelihood of GAPAS being expensive to execute
makes this option even less attractive.

JCL Procedural System on IBM TSS/370: The TSS/370 system is a
unique system that supports a control language entirely different
from that of standard IBM systems. This system is rarely used in
the aircraft industry. With this major shortcoming, this option
is unacceptable.

ANOPP Procedural System on IBM TSS/370: This option would
represent perhaps the best candidate from both system capability
and program requirement standpoints. Unfortunately, ANOPP was
written for a CDC machine and therefore using this system with an
IBM machine would require extensive and often expensive code
conversion. In fact, such undertaking has been estimated to take
between 3 and 4 man-years. Undoubtedly, such a conversion effort
would drain most GAPAS resources. Therefore, this option is
unacceptable.

ANOPP Procedural System on CDC/NOS: This option is perhaps the
best candidate currently available. ANOPP is a proven system and
was developed for a CDC machine, thus, no conversion would be
required. More importantly, CDC computers are widely used in the
industry, thereby providing a common base for GAPAS.

In summary, two distinct procedural systems have been examined: (1)
The JCL system, yet to be developed, can be designed to meet some GAPAS
requirements. (2) The ANOPP system, which has already been built, meets
most of the requirements. Based on these considerations, the following is

recommended for GAPAS:

(1)
(2)
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Develop GAPAS for operation on the CDC/NOS computer systems
Select ANOPP as procedural system for GAPAS.
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3. TASK 2: MODIFICATION AND DEVELOPMENT OF ANALYSIS PROCEDURES

Analysis procedures and new developments as recommended in Section 2.7
will be discussed. Results of the verification of the operation of the
modified or newly developed analysis procedures will be compared with
available data from two propeller configurations. The first, the Hamilton-
Standard SR-3 propeller, typical of a high-speed commuter-type aircraft,
and the second, a Hartzell 101/16 propeller, representative of a small,
moderate-speed General Aviation Aircraft. The verification calculations
performed considered variations in Mach number, advance ratio and power
coefficient.

Modifications and new developments for each of the individual modules
are discussed below. In addition, individual module comparisons with
available data are also discussed.

3.1 GEOMETRY GENERATOR MODULE

The geometry generator module was developed at TRW to take the
geometrical input information and calculate quantities required by the
other analysis modules. In the development of a stand-alone version of
this module, two small plot routines were written to display input data and
section properties of cuts perpendicular to various spanwise arbitrary
lines. The transformation matrices were used to construct multiple blades
from the single blade information for display of the "wire-mesh" figures in
an oblique view such as that in Figure 3.1-1 for the SR-3 propelier-nacelle
geometry. The graphical output was a valuable tool for verification of
input data and for understanding limitations of the code.

One of the most challenging aspects of the development of the geometry
generator module was the calculation of the line of shear centers and the
profiles perpendicular to it. This is an iterative process requiring an
initial guess for the Tine of shear centers and a comparison of the shear
center of profiles perpendicular to this line. The requirements are
detailed in Sections 2.2.1.2 of this report and Section 2.1.1.7 of the
User's Manual.
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Figure 3.1-1. SR-3 Propeller-Nacelle Geometry
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Typical results for the line of shear centers and the profiles
perpendicular to this 1ine are shown in Figure 3.1-2 for the SR-3 blade.
The beam elements are constructed along this 1ine using the section
properties of the profile at both ends of the segment.

In the development of this model, problems were encountered with
convergence at the propeller tip as indicated in Figure 3.1-3. The problem
was traced to boundary conditions in the spline-fit solution. A
modification in the spline-fit routine was made so that the slope at the
tip was constrained to that of the initial guess during the iteration
process. This allows convergence to occur without any additional problems.

The results for cuts perpendicular to the converged line of shear
centers is given in Figure 3.1-4 for a single blade of the SR-3 propeller.
Note that the trailing edges of some of the cuts are almost touching. It
is important that these profiles are not allowed to cross; if they cross,
the spline-fit coefficients become inaccurate and there are negative
contributions to the volume of the beam element. The crossing of profiles
can be avoided by observing the graphical output of the profiles and making
the necessary adjustments.

For the propeller performance module the quarter-chord line must be
identified so that the trailing vortices can be located. The relevant
profiles are located at the midpoint of the bound vortex perpendicular to
the quarter-chord line. The propeller-nacelle geometry of the SR-3 is
shown in Figures 3.1-5 and 3.1-6 along with cuts perpendicular to the
quarter-chord. In Figure 3.1-7 the details of the cuts show that the
trailing edges of some of the profiles intersect. This does not cause a
problem in the performance option, but when the pressures on the surface
are to be interpolated for the acoustics module, the splines will not vary
smoothly and the pressure may be triple-valued at a point. The best
solution to this problem is to change the spacing to eliminate the crossing
of the profiles. On the other hand, the more fundamental question of the
adequacy of the strip theory, using two-dimensional airfoil sections,
should be addressed. Wide, swept blades seem to be pushing the 1lifting-
line performance theory to its limits. The airfoil loading module requires
detailed information about the cuts perpendicular to the quarter-chord.

The airfoil sections for the SR-3 are shown in Figure 3.1-8. The camber
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Figure 3.1-2. SR-3 Structural Model Line of Shear Centers and
Profiles Perpendicular
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Figure 3.1-3. SR-2 Structural Model Showing Problem at Tip with
Line of Shear Centers
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Figure 3.1-7. SR-3 Blade Geometry Cuts Perpendicular to 1/4-Chord
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Figure 3.1-8. SR-3 - Airfoil Sections Perpendicular to 1/4 Chord
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1ine and nose radius are two of the required quantities that aré output for
each profile (not shown on the figure).

The Hartzell 101/16 propeller-nacelle geometry is shown in Figures
3.1-9 and 3.1-10. Note that only the propeller from approximately
20 percent station outward has been included due to lack of propeller
definition in the inner region. With the relatively straight blades of
this configuration there are no problems with crossing profiles. The line
of shear centers converges rapidly for this case and is shown in Figure
3.1-11. For performance calculations the profiles perpendicular to the
quarter-chord are required. These are shown in Figure 3.1-12 for the

Hartzell 101/16 blade.
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-Nacelle Geometry

TRW Hartzell 101/16 Propeller

Aerodynamic Cuts

Figure 3.1-9.
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Figure 3.1-11. TRW Hartzell 101/16 Structural Model Line of Shear
Centers and Profiles Perpendicular
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3.2 AIRCRAFT FLOWFIELD MODULE

Modifications were made to Jumper's code generalizing the propeller
plane and slightly modifying the definition of the angle-of-attack and
angle of sideslip.

The NEUMANN code is a low-order source panel method where ring source
terms are integrated on conical frustum elements as indicated in Figure
3.2-1. The source terms are decomposed into constant terms on each element
for the axial flow component and terms proportional to cos y for the
crossflow component. The flow field at arbitrary angle of attack is found
by a linear combination of the axial and crossflow solutions.

The calculated results from the NEUMANN code compares favorably with
experiments and with exact solutions such as that for crossflow over an
ellipsoid (Figure 3.2-2). The exact solution described by Reference 2.2-4
and numerical results for the tangential component of the velocity at the
surface of an ellipsoid in crossflow are shown in Figure 3.2-3. The
surface pressure coefficient is shown in Figure 3.2-4 where we also present
the results from JUMPER for a variety of mesh spacing. The NEUMANN code
was a valuable tool for validation of the JUMPER code.

Sample calculations were made with the NEUMANN and JUMPER codes for
flow over the H101/16 and SR-3 narcelles. The H101/16 nacelle geometry is
shown in Figure 3.2-5 with the body pressure coefficient given in Figure
3.2-6. The corresponding axial velocity ratio in the plane of the
propeller is shown in Figure 3.2-7.

For the SR-3 nacelle, the body pressure coefficient and geometry are
shown in Figures 3.2-8 and 3.2-9. Comparison between the NEUMANN and
JUMPER codes shows that the approximations made for the influence
coefficients using point sources at the centroids of the elements does not
Tead to large differences in the body pressure.

After the above calculations were completed, it was decided to
implement only the JUMPER code into GAPAS since it was capable of handling
the case of both nacelle and Tifting wing. For an axisymmetric body the
NEUMANN code would be more efficient, but since it cannot handle the case
with a wing or with a tilt of the propeller axis (i.e., thrust axis not
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Figure 3.2-5. TRW-Hartzell 101/16 Nacelle Geometry

01-154-86 3-21



ase) 1S9, 9T-10T 404 JuUaLd}4}30) auanssauagd Apog

~

\ INVTd 437134044

*9-2°¢ aJnby4

' I |
T4 02 St
X ‘31YNIQY00D TVIXY

91 = X ONY 8 = X
N33ML38 ONIOJVdS HSIW QINT43IY
HLIM S17NS3¥ 3000 NNYWN3IN =—O—

INIWINTH3IY HSIW
0L ¥0I¥d 3ISYI 3ININ3SvE — -

~

AJVLLY 40 379NV 0932

8°0-

9°0-

v°0-

20~

2’0

v°0

9°0

8°0

0°1

3 “IN3IJI44300 3¥NSSIUd

d

3-22

01-154-86



(4/X) snipby [bucj}dnt4 9poig

N.

q°

apo) Jadunp
Yy im paindwo) se ase) 3sa] 91-101 404 J43|[adouad
3yj o aue|d ul ojjey A3O0[3A |e}XYy paje|nd(e)

¢

3.

*/-2°€ a4anbB4

|

1

gL
p =
hg' X
o
<<
®
¢8' &
4
a
6" =
<
~
<
o
96’
00'T

3-23

01-154-86



ﬁﬁghgkﬂ‘ A LK
4‘%‘20‘“\\\\““-\:’ 'S '.L‘L “ﬂ‘..g,-,qi"' L

NPz \ o v [ ] [ £
SN P
NN R IEAAT AL 77

s
R

Figure 3.2-8. SR-3 Nacelle Geometry

01-154-86 3-24



3Se) 159| £-YS 40 SUOLIR|ND[E) MO[4 |BIIUdI0d °6-2°€ 24nby

d/X “32uD1sS|q [DIXy SSafuofSuswi(q
9° S’ ’ ¢ ' { 0 -

T T T T | T T 1

G/4 ‘snipoy
ssalUojsuawlq

(6U}IDAS YS3 Paujjay) uubwnay v
UuDWN3N ©
Jaaunf °

dD “3U37121J490) inssald

~0° 1L

3-25

01-154-86



aligned with longitudinal axis of nacelle), it was not incorporated into
the Aircraft Flowfield Module.

3.3 PROPELLER AERODYNAMIC MODULE
3.3.1 Modifications/New Developments

The aerodynamic performance analysis procedures recommended for
implementation into GAPAS were, in order of priority, (1) UTRC, (2) Chang-
Sullivan, and (3) Crigler procedures for the steady-flow cases, and (4) the
Aljabri procedure for the unsteady flow case. Subsequent to NASA approval,
difficulties were encountered in implementing the UTRC code on the TRW
computer system, and the Chang-Sullivan code was made the first-priority
code for the steady-flow case. Modifications to the Chang-Sullivan and
Aljabri codes were carried out to change the calls to airfoil section data;
internal calls were eliminated and replaced with external calls to the
airfoil loading module. 1In addition, in the Aljabri code, improvements in
the integration subroutines for calculation of thrust and power coefficient
were carried out to provide greater flexibility and accuracy.

3.3.2 Verification of Propeller Aerodynamic Procedures

Experimental data for the Hartzell 101/16 and SR-3 propellers were
provided by NASA for use in the verification task. Table 3.3-1 summarizes
the operating conditions for the aerodynamic performance verification task.
Conditions selected for the H101/16 propeller were based on the data
contained in Reference 3.3-1 and, for the SR-3 propeller, conditions
correspond to data contained in References 3.3-2 and 3.3-3.

Calculation results for the 101/16 propeller are shown in Figures
3.3-1 through 3.3-3 for the Mach 0.11, 0.22, and 0.35 conditions,
respectively. Since these are low-speed cases and the 101/16 is a
straight-blade propeller, the calculational results shown were obtained
using the Aljabri code. Results were obtained for thrust coefficient, Cy,
power coefficient, Cp, and efficiency, g, as a function of advance ratio,
J. For each Mach number condition, three additional advance ratios other
than those required in Table 3.3-1 were calculated. Note that acceptable
agreement (within 15%) is obtained for all quantities (efficiencies are
obtained to within 5%) except for Ct and Cp at the Towest (0.526) advance-
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Table 3.3-1. Aerodynamic Performance Verification Requirements

Flight Condition Mach No. Advance Ratio Power Coefficient

101/16 Propeller
Takeoff 0.11 0.526 0.192
Climb 0.22 1.103 0.204
Cruise 0.35 2.234 0.304

SR-3 Propelier
Takeoff 0.20 0.877 1.007
Climb 0.45 1.870 1.695
Cruise 0.80 3.060 1.695

01-154-86
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ratio condition for the Mach 0.11 case. Note that the data are shown
extrapolated in this region, however, and for these calculations 1ift and
drag coefficients were obtained using the North Carolina State (Smetana)
code and/or the Eppler code which, due to high values of airfoil section
angle of attack at this condition, indicate a possible flow-separation
condition and thus a substantially reduced 1ift coefficient.

Calculations for the SR-3 propeller were obtained using the Chang-
Sullivan code and are compared with experimental data in Figures 3.3-4
through 3.3-6. For this propeller Cp and n are shown as functions of J.
(Sufficient information is available to obtain thrust coefficient since Cy,
Cps and g are not independent functions of J, but are related through the
expression g = JCT/Cp; also, both experimental and calculated efficiencies
are net efficiencies, i.e., the data are corrected for increase in thrust
due to mutual interaction between the propeller blades and the spinner and
nacelle flow fields, and the calculation is for an isolated propeller). As
in the case of the 101/16 propeller, calculations were carried out for a
number of advance ratios surrounding the required values. Note the
excellent agreement at Mach 0.45 (within 2%) and good agreement at Mach
0.80 (within 8%). At Mach 0.2, however, differences as large as 15%
between calculation and experiment may be noted. Again, flow separation

may be a contributing factor.
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3.4 AIRFOIL LOADING MODULE

The major task required for this module is the development of the
algorithm for determining the particular airfoil analysis code to be used
in different regions of the propeller. At the higher freestream Mach
number (i.e., M >0.5), the TRANSEP code will be required along most of the
propeller sections. Therefore, a study was performed in order to determine
whether the Smetana code could be eliminated in place of the TRANSEP code
even at the Tower Mach numbers. This would allow for only two airfoil
codes to be implemented into GAPAS. In addition, the study would also
determine if TRANSEP could be utilized in the hub section, thereby reducing
the required number of analysis codes to just TRANSEP.

In order to perform this study, the Hartzell H101/16 propeller was
utilized. The freestream Mach number for this propeller was 0.11 during
the take-off case, increasing to 0.35 during the cruise case. These
operating conditions were analyzed using TRANSEP, Smetana, and Eppler.
Since the propeller was composed of modified Clark Y sections in the mid-
region and NACA 16 sections in the outer regions, the airfoil data banks
were also used in the comparison. The study compared C_, Cp, Cp
distribution, location of boundary layer transition, and location of
boundary layer separation.

The geometry of the Hartzell H101/16 propeller was developed using the
definition of the airfoil shapes at seven spanwise stations. Due to the
sparse input of the airfoil coordinates, a spline-fit smoothing routine was
used to produce 57 points on both the upper and lower surfaces. The
airfoil loading properties were computed at each of the seven stations for
the freestream Mach numbers of 0.22 and 0.35, at angles-of-attack between 0
and 12 degrees in increments of 2 degrees. For these operating conditions
the actual angles of attack ranged between 4 and 9 degrees. For the
freestream Mach number of 0.11, only the TRANSEP code was utilized due to
the large regions of separation present on the upper surface of the airfoil
(10 € a < 189),

Prior to the initiation of this study, the Eppler CL correction was
implemented into the Smetana code. The methodology for th&*correction is
shown in Figure 3.4-1. The correction is ad hoc and corrects the angle of
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attack by reducing its value by Aa, where Aa is calculated based on an
upper surface which is shortened by one-half the distance of the separation
point location from the trailing edge of the airfoil. Here c is the chord
length &ys is the trailing edge angle of the upper surface, ac is the angle
of attack, Sgep is the distance of the upper surface separation point from
the trailing and thus the value of Aa can be computed using the law of
sines. In addition, a simple weak viscous-inviscid interaction methodology
was incorporated into Eppler during this study.

Calculations were performed for all seven spanwise stations on the
Hartzell H101/16 propeller at the three operating conditions. These
operating conditions were: (1) My = 0.35, J = 2.234; (2) My = 0.22, J =
1.103; and (3) Me = 0.11, J = 0.526. For each case, the helical Mach
number was computed as was the freestream Reynolds number based on the
airfoil chord length. Results for stations 10.282, 17.042, and 23.803 at
Mo = 0.35 are discussed below. These sections correspond to a transition
type airfoil in the inner region; a modified Clark Y airfoil in the mid-
region; and a NACA 16 airfoil in the outer region. Figures 3.4-2 through
3.4-7 show comparisons of the resultant calculations at Station 10.282; the
helical Mach number at this station is 0.379 and Re_ = 0.764 x 106, Figure
3.4-2 shows the calculated values of C versus a. The figure shows that
TRANSEP and Eppler give nearly the same C| as a function of a up to a = 6
degrees. At this point Eppler calculates leading edge separation and thus
the method cannot be used. The results of Smetana show a reasonable
comparison up to about a 4-degree angle of attack. However, for a >4
degrees, the results deviate significantly from the TRANSEP results. When
the Eppler CL correction is included, the computed C is lower than the
uncorrected cl28. Figure 3.4-3 shows the location of transition from
laminar to turbulent flow on both upper and lower surfaces. The results of
Eppler and TRANSEP compare very well, whereas the Smetana results show an
earlier transition at the lower angle of attack, and a delayed leading edge
transition to turbulent flow at the higher angles of attack. Figure 3.4-4
shows the location of upper surface separation. All calculations are in
close agreement up to a = 6 degrees. At higher angles of attack, the
Eppler analysis breaks down showing leading edge separation, whereas the
Smetana results show separation progressing forward toward X/C = 0.75 at
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Figure 3.4-2. Lift Coefficient Versus Angle of Attack for H101/16 at
Station 10.282 (My = 0.379, Re_ = 7.64 x 109)
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a = 10 degrees. The TRANSEP results indicate minor separation effects.
Figure 3.4-5 shows the calculated values of Cp versus a. Both TRANSEP and
Eppler results agree very well up to a = 6 degrees, after which Eppler
shows leading edge separation. Although Smetana compares favorably with
TRANSEP at small a, the values of Cp deviate significantly at the higher
values of a. Figures 3.4-6 shows the resultant Cp distribution at a = 4
degrees. Both Eppler and TRANSEP compare very well over most of the
airfoil, except near the region of the trailing edge. However, there is
some deviation in the Smetana results, especially near the leading edge on
the upper surface.

The next set of comparisons is for the propeller mid-region, station
17.042. Here the helical Mach number is 0.45 and Re| = 0.836 x 100. Since
this section is a modified Clark Y airfoil, we will also include in the
comparison the resultant C and Cp as obtained from the airfoil data bank.
Figure 3.4-7 shows the resultant C_ versus a for TRANSEP, Smetana, Eppler,
and the Clark Y airfoil data bank. The results of the Smetana code with
the CL correction indicate the flow has separated. At a > 8 degrees.
The re¥@fts of Eppler are in reasonable agreement with results up to a =
2 degrees, after which leading edge separation occurs (Figure 3.4-8). The
CL as obtained from the data banks is lower than that of the analysis codes
at most conditions, however, it seems to be closer to that of Smetana.
Figure 3.4-8 shows the location of the upper surface separation point.

Both Smetana and TRANSEP are in agreement up to a = 8 degrees, whereas,
Eppler shows leading edge separation at a = 4 degrees. Figure 3.4-9 shows
the transition location obtained from the analysis methods. At a = 0,
Eppler shows leading edge transition on the lower surface; however at a = 2
and 4 degrees, the transition on the lower surface moves aft (X/C = 0.95).
Figure 3.4-10 shows the resultant Cp versus a. Both Smetana and TRANSEP
agree very well up to a = 8 degrees, whereas Eppler shows the leading edge
separation problem as discussed above. The data bank values of Cp are in
reasonable agreement up to a = 4 degrees. Above a = 4 degrees, the data
bank results show a significantly lower value of Cp. Note that at a = 10
degrees, TRANSEP had convergence problems due to local Mach number effects
exceeding the limitations of the code. Figure 3.4-11 shows the resultant
Cp distribution on the airfoil at a = 4 degrees. Although the
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subcritical codes are in reasonable agreement with each other, on the upper
surface upstream of X/C = 0.4, they show a deviation from the TRANSEP
results.

The final airfoil section corresponds to station 23.803 and is
characteristic of a NACA 16 airfoil section. Here, the helical Mach number
is 0.51 and the Reynolds number is 0.879 x 106. Since the NACA 16 airfoil
data bank is available, we will also include in the comparison values
obtained from it. Figure 3.4-12 shows the resultant C_ versus a. As can
be seen, the Eppler results are showing separation whereas the TRANSEP
results are in excellent agreement with the NACA 16 data bank. The results
of Smetana calculation corrected for C, show an early rollover in C.
However, the uncorrected calculation of"Sfletana appears to give a value of
CLa which is in closer agreement to both the airfoil data back and TRANSEP,
although at a slightly higher angle-of-zero-1ift. Figures 3.4-13 and
3.4-14 show boundary layer transition and separation, respectively. The
Smetana results show leading edge separation at a = 8 degrees, however
TRANSEP shows very little separation on the upper surface. Figure 3.4-15
shows the Cp versus a. For this helical Mach number, both TRANSEP and
Smetana are in very good agreement between a = 2 and a = 6 degrees. The
TRANSEP calculation encountered convergence problems at the higher angle of
attack. At a = 0, there is some disagreement between the two results. The
value of Cp at a = 0 obtained from the data banks is significantly higher
than any of the analysis methods predict. However, this can be attributed
to the required extrapolation of Cp necessary when the input parameters
(i.e., C_p) are outside the range of the parameters built into the airfoil
data bank. In the case of C p = 0.4, at the same helical Mach number, and
thickness to chord ratio, Cp = 0.0049 at a = 0. Finally, Figure 3.4-16
shows the Cp distribution at a = 4 degrees. Although all three prediction
methods have a problem in the trailing edge region, the overall pressure

distributions from the three methods are in good agreement.

Additional calculations were run at Mgy = 0.22, however the overall
comparisons are similar as those discussed previously. At My = 0.11, a
massive separation occurs and thus neither Eppler nor Smetana codes can be
utilized. Based on the above comparisons, it was concluded that the
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Smetana code can be eliminated as a primary analysis code 1in GAPAS, thus
reducing the number of analysis codes to no more than two. Since the
Eppler code was essentially designed for use on thick sections, it will be
utilized where TRANSEP is unable to calculate the flow in the hub section.
At the high freestream Mach numbers and angles of attack where the local
Mach numbers exceed the capability of the TRANSEP analysis method airfoil
data banks will be utilized.

In order to investigate the massive separation model in the TRANSEP
code, the case of My = 0.11 was investigated. The TRANSEP (see GAPAS
User's Manual) incorporates a flag to turn on the separation model during
the calculation. During this study, a number of cases were run wherein
separation occurred close to the trailing edge. For these calculations, it
was anticipated that the results of running these calculations with and
without the massive separation model should be in close agreement.

However, the solutions obtained using the two methods were significantly
different. In addition, the investigation of Blascovich (Ref. 3.4-1) also
showed that the current massive separation model does not give correct
trends for Reynolds numbers greater than 2.58 X 106 and a D>15.3 degrees due
to an incorrect calculation of the Nash-Macdonald separation parameter.
Thus, additional work is necessary to correct this deficiency and thus,
massive separation flag should be turned off when running TRANSEP.

3.4.1 Summary of Airfoil Loading Verification

(1) The Smetana code can be eliminated as a primary airfoil code in
GAPAS

(2) TRANSEP can be utilized for a substantial portion of the blade.
However, further verification of TRANSEP is necessary in order to
determine the limit on the thickness of sections as a function of
Mach number and angle-of-attack wherein numerical problems arise,
thereby allowing for the possible elimination of the use of
Eppler in the GAPAS airfoil loading module.

(3) In the thick regions of the propeller, where use of TRANSEP will
not allow for a converged solution, utilize Eppler.

(4) The massive separation in TRANSEP is not operational, and thus,
large separation cannot be calculated properly with TRANSEP.

(5) It is necessary to expand the airfoil data banks to cover the

regimes that are beyond the capabilities of both TRANSEP and
Eppler (i.e., My >0.5 and a 26 degrees).
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3.5 PROPELLER ACOUSTIC MODULE
3.5.1 Propeller Acoustic Modification/New Developments

At the completion of Task 1, acoustics calculation procedures approved
by NASA for inclusion in the GAPAS computer code were, in order of prior-
fty, PROPFAN II (also called TPN) (Ref. 3.5-1), the Succi procedure, and
the SAE AIR 1407 empirical method. Due to the initial unavailability of
TPN from NASA-Langley, the SPN code was first implemented on the TRW compu-
ter system. TPN was subsequently received and has been implemented into
the GAPAS system.

Modifications to both SPN and TPN included a noise source information
routine which determined (1) broadband noise; (2) acoustic pressure as a
function of time; (3) sound power level spectra (1/3 octave band); (4)
overall sound power level; (5) sound pressure level spectra (1/3 octave
band); (6) overall sound pressure level (0ASPL); (7) A-weighted sound pres-
sure level; (8) 1/10, 1/3, and full octave sound pressure and sound power
Tevel; and (9) perceived noise level, and (10) sound power level (point
source, far field). The details of this routine are given in Volume II -
User Manual.

3.5.2 Propeller Acoustic Verification

In the verification of the acoustics analysis and calculational proce-
dures, experimental data were provided by the NASA Project Manager for the
Hartzell 101/16 and SR-3 propellers. The verification conditions for both
the 101/16 and SR-3 propellers are given in Table 3.5-1. For the 101/16
propeller, data for three near-field and two far-field conditions were
given as detailed in Reference 3.5-2, For the SR-3 propeller, data for the
four near-field and two far-field conditions were given as detailed in
Reference 3.5-3 through 3.5-5.

In the case of the 101/16 propeller near-field conditions, data were
taken in flight using a wing-mounted microphone as shown in Figure 3.5-1.
The propeller was three-bladed with a radius of 1.347 meters (53 inches)
and had a fixed lateral distance from its hub to the microphone of 2.024
meters (79.68 inches). The aircraft flight Mach number was 0.317 and the
propeller rotational speed was 1591 rpm, resulting in an advance ratio of
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Table 3.5-1. Acoustics Verification Requirements

101/16 Propeller

3 Near-field conditions, 2 far-field
Near field - wing mounted microphone
B=23; R=1.347 m (53"); Mg = 0.317, J = 1.52
f

1591 rpm; M1y = 0.727

Far field - ground located microphone
B=23; R=1.347m (53"); h = 762 m (2500');
Mo = 0.301; J = 1.46; 0 = 1591 rpm; Myy = 0.714

SR-3 Propeller

4 Near-field conditions, 2 far-field

Near field - wind tunnel data
B=28; R=0.311m (12.25") (NASA Lewis 8 by 6 tunnel)
Mo J Cp RPM MTH
0.80 3.06 1.71 8495 1.14
0.70 3.06 1.89 7550 1.00
0.60 3.06 1.91 6573 0.86
B=2,R=0.311m (UTRC tunnel)

Mo = 0.203, J = 0.97, 1 = 6700 rpm, Mty = 0.687
Far field - UTRC wind-tunnel

B=4, R=0.311m My =0.321, J = 1.2, 1 = 8550 rpm,
Mty = 0.901

B=2, R=0.311m My =0.203, J = 0.87, Q4 = 7500 rpm,
Mty = 0.761
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Figure 3.5-1. Wing-Mounted Microphone Position 101/16 Propeller
Acoustic Measurements Near Field
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1.52 and a helical tip Mach number of 0.727. Measurements were taken for
distance between the propeller plane and microphone of 0.279 meter (11
inches), 0.406 meter (16 inches), and 0.559 meter (22 inches) (fully
retracted position), respectively.

Comparisons of data with calculations using the SPN code for acoustic
pressure signature and sound pressure level spectra are shown in Figures
3.5-2 and 3.5-3, respectively, for the 0.279 meter (11-inch) microphone
(boom) position (cf, Figure 3.5-1 for boom position reference axes;
coordinate xj is normal to the xp-x3 plane, and axes Xi, X2, X3 form a
right-handed system). Also shown for comparison purposes are calculations
carried out at Ohio State University using the Woan-Gregorek code. Note
the overall good agreement of the SPN results with the measured data except
in the vicinity of the peak, where overprediction on the order of 15%
occurs. The pressure minimum is accurately predicted, however. In
addition, agreement of the noise spectra results is excellent for the first
five harmonics but decreases substantially for harmonic numbers greater
than five. This is not of practical significance, however, since most of
the acoustic energy is in the first few harmonics. Comparisons of
calculational and experimental results for the 0.406-meter (16-inch)
microphone position for acoustic pressure signature and overall noise
spectra are shown in Figures 3.5-4 and 3.5-5. Note in this case that the
peak overpressure is accurately predicted, but overall agreement for the
pressure signature is not as good as in the previous case and the pressure
minimum is about 50% underpredicted. Observations for the noise spectra
(Figure 3.5-5) are similar to the previous case, namely that agreement for
the first five harmonics is excellent but drops off substantially for
harmonic numbers greater than five. Lastly, comparisons with experimental
results for the 0.559-meter (22-inch) microphone position are shown in
Figures 3.5-6 and 3.5-7. For this case the agreement for the pressure
signature is only fair, overpredicting the peak by about 20% and
underpredicting the trough by 70%. Again, however, agreement for the first
five harmonics of the sound pressure level spectra is excellent, but
decreases for harmonic numbers above 5. In addition, results for overall
sound pressure level (0ASPL) for the three 101/16 propeller near-field
conditions are shown in Table 3.5-2. Note, there is excellent agreement of

01-154-86 3-59



6£2°0- $20°2- 0°0

£X X IX

(W) uoilrsod wooq ‘wda 1661 = u '¢ = g

‘W EVOE = 1T¥d ‘/1£°0 = "W (2-S°¢ 43y j0 I[ "ON uny)
PL3L] JeaN 43| (adoad 91/10T aunjeubig 34NSSaUd 213SNOdY

*2-G°¢ aunb|4

(nS0) %3¥023U9-NVOM O—-—O
NdS [O-—-0
INIWIYNSYIW LHD[1Y ———

021~

08-

[
<
t

o

v

0zl

091

(ZH/N) 3UNSS3¥d I11SNOJY

3-60

01-154-86



6£2°0- ¥20°2- 0°0
£X 2X X
(W) uorltsod wooq ‘wda T6GT = U '€ = 9 "W €¥OE = LIvd ‘LI€°0 = "W
(2-G°€ *39Y¥ 40 [T °ON uny) p(at4 JeaN Ja[[2doad 91/10T ©4323dS 3S|ON | [B4dAQ "€-G°€ a4nbid4

YIEWNN JINOWHVH
91 SI #1 €V 21 1L Ol 6 8 L 9 S 1 £ A I

T T T 0
-1 02
g o g
0]
0 - oy
0 p
nﬁ @ 2
© 0 ¢ o r 40 =
y <1 08 <
HZ
8 4 oot

(nSO) ¥3u093u9-NvOM O

NdS (] mw 4 ozt
INIWIYNSYIW 1HIETS

DG

= ovl

3-61

01-154-86



90¥°0- $20°2- 0°0

£X 2X IX
(W) uoyjisod wooq ‘wdua 1661 = u ‘g = q

‘W EY0E = 1Vd ‘/1£°0 = Y (2-G°¢ 49y j0 21 -oN uny)
PL3l4 JeaN ua||adouy 91/101 aunjeubg 94Nssadd 213snooy

(nS0) %3y093u9-NVOM O—-—O
NdS [F-—-0)
ININIYNSVIW LHIIYY ———

*$-G°¢ aunby4

0z1-

08-

oy-

(ZH/N) 3¥NSSIYd I11SN0IY

3-62

01-154-86



90t°0- ¥20°2- 0°0
£X X X
(W) uoirlisod wooq ‘wda [6GT = U ‘€ = 9 ‘W EYOE = LIVd "LI€°0 = "W
(2-G°€ *49Y 40 2T °"ON uny) p[atd4 4eAN 43| |3doad 9T/T0T B4IO3dS 3S|ON ||B4BAQ "G-G'€ 3d4nbiy

YIOWNN D INOWYVH

9T ST #1 €I 21 1t Ol 6 8 L 9 S v £ 4 1

[ paanns T T 0
~ 0¢
0 o 0 g
o O o 0 - os
o) o] @
9 =
Q M_w 1 o =]
5
408 o
g =
= 4 oot
0]
(Ns0) X3¥093¥9-NVOM O @
NdS a - ozl
INIWIBNSYIW 1HOI T
a8
< opt

3-63

01-154-86



655°0- $20°2- 0°0

£X ZX X

(W) uotjrsod wooq ‘wda 16GT = u ‘e =g

‘W EV0€ = 1T¥d ‘/1€°0 = *W (2-G°€ *49Y 40 €1 "oN uny)
PL3L4 JedN 43| [3doad 91/10T a4njeubLs aunssauqd J13snody

*9-G°¢ aunb4

\ﬂO\ v € 2 1
. —— K . t ) t t t
v ¥ L § _ n\-.‘l\ 1 H
.\nu\
P <. (NSO) Y3U093UI-NVOM O—-—QO
hu\ NdS (O-—(0O -
y INIWIYNSYIN LHOIYY ——— N
Vs \
Q\m\ ,
\
\ A
Wu_ Ve
/ u
AN ¥u_\ -
g -

o0zi-

0B~

[=]
-r
'

o

o
<

021

091

(ZH/N) 34NsSS3¥d J11SNOJY

3-64

01-154-86



655°0- ¥20°2- 0°0
£X X X
(W) uoirytsod wooq ‘wda T6GT = U '€ = @ "W €Y0E = 11Vd 'L1€°0 = "W
(2-G°€ "33y 30 €1 °"ON uny) plat4 4eaN 43| [adoad 9T/T0T ©4323dS ISLON [|e4d8A0 ~/-G'€ 8unbiy

YIWNN I TNOWYVH
91 ST &1 €1 21 11 Ol 6 8 L 9 S v € 4 l

I | T T 0
-1 02
g o m)] o)
o) r

G -1 Ov
0 S
nr 1o B
0 "
@] 2
ﬂ_u -1 08 H
o =

© 0 0 & & © 0 0o 5 mw =
© w -1 o001
(NSO) X3409349-NVOM O mw
NdS O mw - o021
INIWIUNSY3W 1HDI V4 m
1 ons

3-65

01-154-86



Table 3.5-2. OASPL Results - 101/16 Propeller Near Field Conditions

Mo = 0.317, PALT = 3043 m, B = 3, n = 1591 rpm

N
- :E 2,y . .
OASPL = 10 log10 (Prms/Pref]n' N = Total number of harmonics
n=1
Run No. 11
(Boom 0.279 m aft of propeller plane) Flight Data 131.15 dB
SPN 131.54 dB
Woan-Gregorek 126.85 dB
Run No. 12
(Boom 0.406 m aft of propeller plane) Flight Data 130.86 dB
SPN 130.67 dB
Woan-Gregorek 129.18 dB
Run No. 13
(Boom 0.559 m aft of propeller plane) Flight Data 130.95 dB

SPN 129.96 dB
Woan-Gregorek 127.66 dB
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the SPN result with data (within 1 dB for all cases). In addition, the
OASPL results predicted by SPN, are substantially more accurate than those
predicted by the Woan-Gregorek methodology.

With regard to verification of the far-field cases for the 101/16
propeller (Table 3.5-1), the data were taken using a ground-located
microphone to measure propeller noise signatures generated by an aircraft
flying overhead; thus the noise source and observer are in relative motion.
The SPN code, as originally developed, can only handle the case of the
observer fixed relative to the noise source. An additional module called
TPM (Tone Propagation Module) developed for the NASA-Langley ANOPP
(Aircraft Noise Prediction Program) computer code addresses the case of the
noise source and observer in relative motion. At the present time, this
module has not been incorporated into the GAPAS system and thus the 101/16
propeller far-field acoustics verification cases have not been carried out.

Turning now to verification of the SR-3 propeller cases, there are
four near-field and two far-field cases as indicated in Table 3.5-2. Three
of the near-field cases correspond to data taken in the NASA-Lewis 8' x 6'
wind tunnel for an eight-bladed propeller having a radius of 0.311 meter
(12.25 inches) and covering a helical tip Mach number range of 0.86 to 1.14
(subsonic to supersonic). The pressure-transducer locations in the 8' x 6'
tunnel with which the near-field test data were taken for the helical Mach
0.86 case are shown in Figure 3.5-8. Note that all of the transducers are
at a nominal distance of 1-1/2 blade diameters [3 feet (0.915 meter)] from
the blade tip, that the transducers are offset at various lateral
distances, LH, from the wall centerline, and that transducer B is nominally
in the propeller plane. Results for sound pressure level are compared with
SPN calculations for the helical tip Mach number 0.86 case in Figure 3.5-9.
This figure also shows the results of the SPN calculation using both ANOPP
aerodynamics and the aerodynamics as obtained from the GAPAS airfoil
Toading module which accounts for compressibility effects.

The helical tip Mach number cases corresponding to 1.0 and 1.14 could
not be calculated accurately using SPN due to the transonic-supersonic
nature of the flow over the propeller. Although TPN could address these
cases, it was not available during the Task 2 verification and thus these
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cases were not verified during this task. Later availability of TPN,
however, allowed these cases to be run and results for the SR-3 propeller
at a helical tip Mach number of 1.14 were carried out under Task 5 and are
described in Section 6.

For the near- and far-field measurements taken in the UTRC ART
(Acoustics Research Tunnel), the microphone locations are shown in Figure
3.5-10. Near-field results for a two-bladed propeller at the 0.8 diameter
location are shown in Figures 3.5-11 and 3.5-12 for the free-stream Mach
0.203, 6700 rpm (helical tip Mach number 0.687) case. Note the excellent
agreement between the SPN calculations and data for both the acoustic
pressure signature (Figure 3.5-11) and 8P harmonic sound pressure level
(Figure 3.5-12). The 8P harmonic is that corresponding to the first
fundamental blade passage harmonic of an eight-bladed propeller. This
harmonic generally dominates all others and provides the major contribution
to the overall noise level. This is due to the fact that the principle of
linear superposition of acoustic data, which states that for linear sources
the total acoustic field may be derived by summing the acoustic fields of
all the individual sources, applies for prop-fan acoustic measurements
despite the existence of nonlinear sources because the regions of the
nonlinear sources from each blade do not overlap. Thus, the acoustic field
of an eight blade prop-fan can be found from the two-blade test data by
choosing multiples of the 8P harmonic and multiplying the acoustic pressure
at each of these frequencies by four, the ratio of the number of blades.

In terms of sound pressure level this is equivalent to adding 12 dB to the
fourth harmonic from the two blade test data (Ref. 3.5-5).

With regard to the SR-3 far-field verification cases, calculational
results using SPN for 8P harmonic sideline directivity at 4.4 diameters tip
clearances are shown in Figures 3.5-13 and 3.5-14 for helical tip Mach
numbers of 0.901 and 0.761, respectively. (A four-bladed propeller was
utilized in Run 8, Figure 3.5-13, whereas a two-bladed propeller was used
in Run 329, Figure 3.5-14.) The axial locations for these data are
corrected for tunnel shear-layer refraction effects, which can be
significant at the far-field locations. Note the excellent agreement

01-154-86 3-70



PROP FAN 112 KW (150 HP)
ELECT. MOTOR

——— el
v ——
4
L T 0.6D (
NEAR
l | 1
FiLD T HTTTT 0.8D
MiCcs 'y
b+ 1.60
/ \
1.0D 10D
0.5D 0.5D 48D
0.25D 0.25D
FAR FIELD
MICS.
A%
60° 70" 80° 90° 100° 110° 120°

Figure 3.5-10. Microphone Locations - UTRC Wind Tunnel Near
and Far Field

01-154-86 3-71



lo00r

@ WIND TUNNEL DATA
T

o - — - sPN
T

[«9

Q

1S

&

o Z

Q

1S

(=

8]

Ral

-~

7]

>

0

O

<

=50

=100 ¢~
| 1 ] 1 ]
-2.0 -1.0 -0.0 1.0 2.0
Time, Milliseconds

Figure 3.5-11. Propeller Plane Near-Field Pressure Signature at 0.8 D
Tip Clearance Radial Location; SR-3 Propeller, B = 2,
Mp = 0.203, 6700 rpm, Mty = 0.687

01-154-86 3-72

-3.



BP Harmonic SPL,

120

110 P
©
%
< ‘ B—— WIND TUNNEL DATA

Pl
o - - - J
£ 100 o- O SPN
fes]
o]
90 | 1 1 }

-1.0 -0.5 0 0.5
Visual Position, XC/D

Figure 3.5-12. 8P Harmonic Sound Pressure Level at 0.8D Tip Clearance;
SR-3 Propeller, B = 2, Mg = 0.203, 6700 rpm, Myy = 0.687

01-154-86 3-73



8P HARMONIC

‘g_i 120 p—
3
[=]
(o]
G
=
Q
-]
o |
;‘ 110 —
w
-t
w
o
>
3
& A TEST DATA (UTRC ART TUNNEL)
2 oo
= (O SsPN
o
w
00 1 1 1 1 { ]
-3 -4 -3 -2 -1 [ ]
CORRECTED AXIAL POSITION, X/D

Figure 3.5-13.

01-154-86

8P Harmonic Sound Pressure Level at 4.40 Tip Clearance;
SR-3 Propelier, B = 4, My = 0.321, 8550 rpm, Mty = 0.901

3-74



100 p—

©  TEST DATA (UTRC ART TUNNEL

O SsPN

90—

8P HARMONIC
SOUND PRESSURE LEVEL dB (RE: 20 uPa)

so. 1 | | B ]

(-]
-

-3 -2 -1
CORRECTED AXIAL POSITION, XC/D
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SR-3 Propeller, B = 2, Mg = 0.203, 7500 rpm, Mty = 0.671

between calculation and data for the 0.761 helical tip Mach number case
(within 2% for all axial positions), but lesser agreement (within 7%) for
the 0.901 helical tip Mach number case. This is most likely due to
transonic effects at the higher helical tip Mach number, which are not
properly taken into account in SPN.

In summary, all required calculations for verification of the
acoustics analysis procedure using SPN have been carried out with the
exception of the far-field/ground-located microphone case for the 101/16
propeller and the near field/transonic supersonic helical tip Mach number
cases for the SR-3 propeller. The former (101/16) case requires the
addition of the tone propagation module (TPM) to SPN, which is not
currently incorporated into GAPAS. The latter (SR-3) cases require
exercising the transonic propeller noise (TPN) module in GAPAS. As
previously indicated, the results of the calculation for the SR-3 propeller
at a free stream Mach number of 0.8 and helical tip Mach number of 1.14 are
discussed in Section 6, which describes the results of the overall GAPAS
verification, Task 5.
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3.6 STRUCTURAL BEAM MODULE

The free vibration analysis of a generally curved and pretwisted ro-
tating blade is a complex problem that requires the development of a non-
linear analytical model. For conventional and advanced blades (advanced
prop-fan, Figure 3.6-1), this model must be general enough to account for
an arbitrary amount of blade curvature and pretwist, as well as blade cross
sections with general prismatic shape. Allowances must also be included to
account for changes in the blade orientation at the hub. These changes,
which will alter the centrifugal forces of the blade, include a pitch
setting for conventional propellers and a general pitch setting about an
arbitrary vector for advanced prop-fans (i.e., pitch setting is a linear
combination of pitch, precone, and sweep). These blades, which are quite
flexible, require a nonlinear theory for deriving the equations of motion
in order to properly account for the stiffening effects from the
centrifugal forces.

Due to the complexities of this problem, an exact solution cannot be
determined, and thus, approximate methods (for example, Ritz, Galerkin,
finite element) must be used. The finite element method was chosen because
it readily lends itself to the modeling of a curved and twisted blade. The
other methods were unattractive because they either required knowing ap-
proximate deflection functions (Ritz method) or required deriving the full
nonlinear partial differential equations of motion and natural boundaries
of the Galerkin's method.

The finite element method, which is based on variational principles,
is applied by dividing the blade into subregions, calculating the total
dynamic potential (U - T - We) for each subregion, and then deriving the
finite elements by taking the variation of each subregion (Hamilton's prin-
ciple). 1In this development, each subregion is defined with straight beam
type finite elements which are located along the curved 1ine of shear cen-
ters of the blade, Figure 3.6-2. The curved line of shear centers of the
blade must be calculated before this analysis can be done. The finite
elements for each straight beam are derived with allowances for; arbitrary
cross section shape, beam pretwist, cross section warping (St. Venant type
warping functions) and nonlinear behavior based on the moderate deflection
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theory (small strains and finite rotations). All of the effects of blade
rotation are properly included by allowing the beam element to be arbi-
trarily positioned within the blade coordinate system, Figure 3.6-2. An
ordering scheme is developed to identify and neglect higher order terms
which are produced during this development.

A model for the free vibration analysis of a generally curved and
pretwisted rotating blade is developed by the following steps: (1) The
curved blade is divided into a summation of straight beams which are laid
end-to-end along the 1line of shear centers of the blade. (2) A1l of the
transformation matrices associated with the blade and the straight beam
element are derived. (3) The strain energy, kinetic energy, and work of
external forces for a beam element are derived. (4) The finite elements
associated with a single straight beam are derived by taking a variation of
the total dynamic potential (Hamilton's principle). (5) The beam elements
are assembled to form a structural model of the blade. (6) The free vibra-
tion analysis is calculated using the nonlinear finite element model of the
blade.

3.6.1 Basic Assumptions Used in the Analysis

The following assumptions are used in the development of a beam finite
element model capable of a nonlinear structural dynamic analysis of rota-
ting blades.

(1) The speed of rotation of the blade is constant.

(2) The blade is modeled by a series of straight beam finite elements
that are located along the line of shear centers of the blade.
The cross section for each beam finite element is defined as the
section perpendicular to the line of shear centers.

(3) The shape of the blade cross section is arbitrary (i.e., no sim-
plifying assumptions based on symmetry are made). There are
three distinct points on the cross section.

(a) Shear center of the cross section. The beam finite element
is defined using the shear centers of two adjacent cross
sections of the blade. A1l cross-sectional properties of
the beam are defined relative to this point.

(b) Area center of the cross section.

(c) Center of mass.
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(4) The beam element has an arbitrary amount of built in pretwist
which 1s defined about the line of shear centers. Pretwist is
defined as the change in the angular orientation of the principal
axes of the cross section along the beam length.

(5) The stresses within the cross section (ayy,a Z,ayz) are equal to
zero. The strains within the cross section (eyy, €27:7yz) are
allowed to be nonzero, but small (negligible compared to 1).

(6) The beam can bend in two mutually perpendicular directions normal
to the line of shear centers of the beam, and can also twist
about this line of shear centers.

(7) The beam may undergo moderate deflections, which implies small
strains and finite rotations.

(8) An ordering scheme, based on beam theory, is used to identify and
neglect higher order terms.

(9) A warping function is used to model the axial deformation of the
beam due to torsional twist.

(10) The effects of damping (i.e., structural or viscous) have not
been included.

3.6.2 Geometric Preliminaries

The development of a nonlinear beam finite element model for the
analysis of a rotating, pretwisted, blade undergoing moderate deflections
requires the use of five coordinate vector sets. The coordinate vector
sets are: the element coordinate system (ey,ey,e;), the curvilinear
coordinate system (Ex,aﬂ,gg), a blade coordinate system, (7,7,k), a hub
coordinate system (75,35,Ko), and an inertial reference frame (1,3,R).
These coordinate systems are shown in Figures 3.6-3 through 3.6-5.

The beam finite element and the equations of motion are derived in the
element coordinate system (gx,éy,gz). This coordinate system is an ortho-
normal vector set with one vector, Ex, defined along the undeformed line of
shear centers of the beam, and the other two vectors, Gy and EZ, defined in
the cross section of the beam, Figure 3.6-5. The applied forces of the
beam are defined in this system.

The curvilinear coordinate system (Qx,éﬂ,ég) is also associated with
the undeformed beam and it is used to account for the axial-bending-torsion
coupling effects of a pretwisted beam. The vector, Ex, is defined along
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the undeformed line of shear centers of the beam element. The two remain-
ing vectors, E” and 8;, are defined in the beam cross section and they
rotate about the line of shear centers, eyx, with the pretwist of the beam.
These two vectors remain parallel to the principal axes of the beam cross
section at any point over the beam length, Figure 3.6-5. The strain com-
ponents, the material properties, and the cross section warping function
are all derived in this system.

The blade coordinate system (7,3,k) rotates with the hub and it is
used to define the coordinates and the displacements of the blade. The
vector 7 aligns with the pitch axis of the blade and the vectors j and k
are associated with in-plane and out-of-plane displacements of the blade,
respectively. All three vectors are orthogonal to each other. The beam
finite elements, which are defined in the element coordinate system must
first be transformed to this coordinate system before they are assembled
along the line of shear centers of the blade.

The hub coordinate system (?o,jo,ﬁo) is fixed to the rotating hub,
where the ky axis aligns with the spin axis, the J, axis aligns with the
pitch axis, and 30 is perpendicular to both axes and is located in the spin
plane. Changes in the pitch setting or precone of the blade are
accomplished by changing the orientation of the blade coordinate system
with respect to the hub coordinate system.

The inertial reference frame (I,3,K) is fixed in space and it is used
to locate the rotating blade, where the K axis aligns with the spin axis of
the hub. The transformations between all the above coordinate systems are
required in order to perform the analysis.
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3.6.3 Ordering Scheme for a Long Slender Beam

An ordering scheme is defined which is used to identify and delete
higher order terms that are produced during the derivation of the nonlinear
equations of motion for a straight rotating beam. This is accomplished by
assigning relative magnitudes to all terms, and then neglecting terms which
are considered small in comparison to the largest terms. This approach is
in agreement with the ordering scheme developed by other authors (Refs.
3.6-1 and 3.6-2).

The guidelines, which are used for assigning the relative magnitudes,
were determined by careful study of the geometry and the deflection pat-
terns of tip-loaded straight cantilever beams. They are valid for most
isotropic engineering materials (i.e., aluminum, steel, titanium, etc.) and
most fiber-reinforced composite materials (i.e., orthotropic and aniso-
tropic material behavior). The use of fiber-reinforced composite materials
will alter the actual deflection patterns of the beam, but these patterns
will not exceed the ordering scheme parameters for most engineering appli-

cations.

The geometric ratio of the cross section to the length (y/L, z/L) is
taken as 0.2 for a long, slender beam. Defining this ratio as e, (e =
0.2), and quantities of €2 are neglected with respect to unity. The axial
coordinate ratio of the beam is taken as unity (x/L = 1). The pretwist of
the beam, f, is defined as a large angle (f =~ 1). The large angle assump-
tion for pretwist angle, g, will guarantee that all the axial-bending-
torsion coupling effects are included in the derivation.

The maximum allowed axial deflection of a cantilever beam is deter-
mined by applying an axial tip load that will produce a stress state equal
to the material yield stress. The nondimensional axial deflection (u/L) is
on the order of 0.001-0.008 for most engineering materials.

The maximum torsional deflection that a tip loaded cantilever beam can
experience before yielding is calculated based on the octahedral shear
stress theory. For a cantilever beam with an elliptical cross section, the
maximum torsional deflection (¢) will be on the order of 0.1-0.2, (€).
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The maximum planar deflections are determined by applying a tip moment
such that the stresses in the beam are equal to the material yield stress.
For typical engineering materials, the nondimensional deflections (v/L,
w/L) and slopes (v x, W x) at the tip will be on the order of 0.06-0.15,

(e).

The warping deflection ratio (¢/L2) is defined to be the same order as
the axial deflection, u. This assumption agrees with the exact solutions
developed by other authors (Refs. 3.6-3 through 3.6-7), when the cross
section exhibits symmetry. Based on this work, the derivatives of the
warping function (v,”/L, ¢,§/L) are defined as e.

A summary of the ordering parameter, e:

Order 1: )
X
L L)y (3.6-1a)
p J
Order €: A
Y n Z Y
L* L L' L
(3.6-1b)
y W !;5 Z;X
L' L L ! L
¢ Vox t Yx )
Order 52: : )
L' X L2

The ordering scheme is applied by determining the relative magnitude
of all of the terms of an energy expression. If the largest terms are of
order (e1), then all of the terms of order (e) are retained (first-order
terms), all of the terms of order (ei*1) are retained (second-order terms),
and all of the terms of order (ei*2) or higher are neglected (higher order
terms). It is important to apply this ordering scheme to energy-type
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expressions because if one equation is ordered differently than ahother,
unbalanced matrices are produced.

3.6.4 Development of Strain Components

A detailed development of the elastic strain components by either a
linear or nonlinear approach can be found in many texts that cover the
theory of elasticity. In this development, the elastic strain components
are derived using a full nonlinear moderate deflection theory based upon
the work of Wempner (Ref. 3.6-8). They are derived in a curvilinear
coordinate system (Ex,Eﬂ,Eg) so that the effects of beam pretwist are
properly accounted for.

The equations of motion and boundary conditions are derived for a beam
rotating about an arbitrary axis using Hamilton's principle. These equa-
tions are valid for a slender beam which is composed of a homogenous mater-
sal. The beam is defined so that it can be arbitrarily offset and oriented
with respect to the spin axis. This representation includes lengthwise
variation in the following properties: beam pretwist, mass and stiffness
properties, and mass centroid offset and area centroid offset from the line
of shear centers. The external loads are represented by a set of general
jzed distributed loads and moments, which are defined in the element
coordinates axes (€x,€y,ez).

The strain energy, U, is obtained using the strain components and the
constitutive relations defined in the curvilinear coordinate system
(Gx,aﬂ,gg). The curvilinear coordinate system is chosen because for most
applications, where the beam has a uniform cross section with varying pre-
twist, the cross section properties need only be defined once. If the
element coordinate system was chosen, the cross section properties would
need to be specified at each node location.

The kinetic energy, T, is developed by calculating the velocity vector
of a point on the deformed beam and using the mass distribution of the
cross section. The velocity vector is calculated by taking the time deriv-
ative of a position vector from the origin of the inertial reference to a
point in the cross section on the deformed rotating beam. This position
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vector is capable of modeling a beam with an arbitrary offset and brienta-
tion from the inertial reference frame.

The work of external forces, We, is derived by including the effects
of the nonconservative forces (i.e., distributed loads and moments) acting
through a displacement about the deformed equilibrium position.

Hamilton's principle represents a generalization of the principle of
minimum potential energy to include dynamic effects. It is stated as an
integral equation in which the total dynamic potential (U - T - We) is an
extremum over the time integral; t; < t < to. A discussion of the prin-
ciple can be found in Refs. 3.6-9 and 3.6-10.21. Hamilton's principle can
be stated in the following mathematical form:

t
j 2 (5U - 6T - oW) dt = 0 (3.6-2)
t
1

The partial differential equations of motion and the associated boun-
dary conditions are calculated by substituting the variation of the strain
energy, 6U, the variation of the kinetic energy, 6T and the virtual work of
the external loads into Hamilton's principle. There are two requirements
that must be met in order for Hamilton's principle to be identically equal
to zero and thus, the total dynamic potential to be an extremum. First,
all the terms inside the integral must be identically equal to zero. Since
the variations of the displacements and twist are arbitrary over the length
of the beam, then in order for all of the terms to be equal to zero, the
functions multiplied by these variations must be zero. The four functions
that are associated with the four variations are the equations of motion of
the beam.

Second, the sum of the equilibrium conditions at the boundary due to
the strain energy variation, the kinetic energy variation, and the virtual
work, must also be zero at x = 0 and x = L. These conditions are used to
obtain the boundary condition of the beam element.

The resultant equations of motion are a set of nonlinear partial dif-
ferential equations. They are nonlinear in terms of the space dependent
variables. In order to perform the free vibration analysis of a rotating
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propeller, these equations are solved by assuming that the displacements
are a superposition of functions which are space-dependent and time-
dependent. The space dependent displacement functions are determined by
solving the time-independent nonlinear partial differential equations
(i.e., neglect all time-dependent terms). Introducing this nonlinear
space-dependent solution into the nonlinear partial differential equations
results in a standard eigenvalue problem for the time-dependent function,
the solution to which yields the natural frequencies and mode shapes of the
rotating blade.

The solution of the nonlinear partial differential equations can be
determined using approximate methods. Three methods that have been used
successfully are the Ritz method, the Galerkin method, and the finite ele-
ment method. A detailed discussion of these methods can be found in Refer-
ences 3.6-11 through 3.6-14. For this analysis, the finite element is
applied.

The finite element method is a generalized form of the Ritz method
with all of the advantages and few if any of the disadvantages. This
method is a piecewise application of the variational method. The solution
procedure is not based on solving the nonlinear differential equations of
motion, but minimizing the total dynamic potential of the rotating blade.
The variation of the total dynamic potential with respect to the displace-
ments is equal to zero when the total dynamic potential is minimized (i.e.,
apply Hamilton's principle to each subregion).

Writing Hamilton's principle in discretized form,

t n
JZ S (8U; - 6T, - W ) dt = 0 (3.6-3)
. i i ei
tl i=1
where;
n = number of finite elements in the model
6U; = variation of the strain energy in the ith element
6T; = variation of the kinetic energy in the ith element
SWei = virtual work of the external forces in the ith element.
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The solution for the displacement function will solve the nonlinear
differential equations of motion and the natural boundary conditions that
are implicitly contained in the total dynamic potential. This has been
shown using the calculus of variations (Ref. 3.6-9).

The blade is divided into subregions (beam type finite elements) and
the variation of the total dynamic potential is applied to each subregion
using a set of interpolation functions for the displacements. Since the
interpolation functions are not defined over the entire domain, they are
not required to solve the boundary conditions, but they have to satisfy
convergence criteria (completeness and continuity).

Both the displacements and variations of displacements are expressed
in terms of the product of space-dependent interpolation functions and
time-dependent functions.

Substituting the displacements and the variations of the displacements
into the ith element of the discretized form of Hamilton's principle (Eq.
3.6-3) and carrying out the integration will produce a set of matrix
equations.

A1l of the matrices that are produced represent a complete set of
self-adjoint finite elements (i.e., symmetric linear and nonlinear Jacobian
matrices and antisymmetric Coriolis matrix). This occurs because the
ordering scheme is applied to each of the energies (strain energy, kinetic
energy, potential energy) instead of the equations of motion.

Since the virtual displacements are arbitrary over the time integral, then

the variation of the deformation array is also arbitrary in the discretized
form of Hamilton's principle and the equations of motion can be written in

the form:

[ M ]{d} + [ MC ]{é} + [[ KT ] + [KNL{q}]]{Q} + {FT} - {0} (3.6-4)

where [M] is the element mass matrix [MC] the Coriolis damping matrix, [KT]
the linear stiffness matrix, [KNL] the nonlinear stiffness matrix, [FT] the
force matrix, and {q} the nodal deformations.
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In this development, the finite element matrices are generated using
Hermite interpolation polynomials that are substituted into the variation
of Hamilton's principle. A cubic Hermite interpolation polynomial is used
for the planar deflections (v,w) and a quadratic Hermite polynomial is used
for the axial deflection (u) and the torsional rotation (¢).

The cubic Hermite interpolation polynomial is ideally suited for the
development of the beam bending finite element for the following reasons.
It guarantees uniform convergence by having the required rigid body dis-
placement, rigid body rotation, and constant curvature modes. The bending
strains vary linearly over the element length, which goes beyond the re-
quirement of a constant strain mode. The resulting elements using this
polynomial will have interelement compatibility for both displacements and
slopes. The nodal parameters are the displacements and slopes at either
end of the beam.

The quadratic Hermite interpolation polynomial was chosen for the
axial deflection (u) and the torsional rotation (¢) because it has a higher
level of accuracy than the linear Hermite interpolation polynomial. This
same torsional model (i.e. quadratic polynomial) was used successfully in
previous finite element studies of helicopter rotor aeroelasticity (Ref.
3.6-12). Both the linear and the quadratic polynomials satisfy all the
convergence requirements, but the quadratic polynomial also has capability
of modeling the linear variation of strain along the element length. The
quadratic polynomial is used to generate an axial and a torsion element
which has the same level of accuracy as the beam bending element. This
allows the discretization of the model for torsion or axially loaded analy-
sis to be the same as for a bending analysis. The nodal parameters for the
axial element and the torsion element are chosen as the two element boun-
daries and the element mid-point.

The resulting beam finite element has 14 nodal parameters; 4 in-plane
deflections, 4 out-of-plane deflections, 3 axial deflections and 3 torsion
deflections. They are defined as 6 parameters (3 deflections, 3 rotations)
at each end of the beam and 2 parameters (1 axial deflection, 1 torsion
deflection) at the mid-point of the element (Figure 3.6-6). The mid-point
node is condensed from the element after formation using the assumption
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that the axial and torsion loads on the element can be fully described
using the two end nodes only (i.e., external loads on the mid-point node
are equal to zero). Condensing out the mid-point node will reduce size of
the matrices and the bandwidth of the overall model without sacrificing the
accuracy of the calculation.

The removal of the mid-point node is done by either static con-
densation (Ref. 3.6-13) or Guyan reduction (Ref. 3.6-15). In this study,
static condensation is used to eliminate the element mid-point node from
the static equations of equilibrium. Guyan reduction is used to eliminate
the element mid-point node from the dynamic equations of motion. The beam
finite element in its final form will have 12 nodal parameters; 3 deflec-
tions and 3 rotations at each end of the beam.

A1l of the beam finite elements are defined with a linear variation in
properties and loads between the two end nodes. This will increase the
convergence rate and reduce the number of elements that are required for
modeling nonuniform blades.

Assembly of the finite elements into system matrices and enforcement
of the geometric boundary conditions is handled as in the conventional
finite element method (Ref. 3.6-14).

The solution of the structural dynamic analysis of the rotating pro-
peller is accomplished in two steps. The first step is to solve for the
nonlinear static equilibrium position of the blade using a Newton-Raphson
jteration scheme: this procedure has been used in similar studies (Ref.
3.6-11 and 3.6-12). The second step is to solve for the natural frequen-
cies of vibration of the nonlinear equations of motion by assuming that the
motion is a small linear perturbation about the static equilibrium posi-
tion. Details of the equations of methodology are given in the User's
Manual.

The solution for the nonlinear static equilibrium position is accom-
plished by neglecting the time-dependent terms in the equations of motion
and using a Newton-Raphson iteration scheme to solve the nonlinear equa-
tions of equilibrium. The Newton-Raphson scheme, which is based on a
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Taylor series expansion, has proven itself as one of the best solution
techniques available in geometrically nonlinear analyses (Ref. 3.6-16) and
is used routinely in rotor blade dynamics (Refs. 3.6-11 and 3.6-12). This
method 1s extremely accurate and possesses second order convergence. In
this study, the iteration is considered to have converged when the absolute
change of all the deformations is less than 10-4 for each cycle.

For the case of free vibration for a rotating blade, the nonlinear
equilibrium state of the blade can be considered to be independent of time.
Thus the static equations of equilibrium of the rotating blade are obtained
by neglecting the time dependent terms:

t@} = [ M@« ) - o e

The Tinear solution of the nonlinear equations of equilibrium is cal-
culated during the first cycle of the iteration scheme, because the initial
guess in the iteration is taken by setting all of the nonlinear effects
equal to zero. Once the iteration converges to the steady-state equili-
brium position, the element forces, the hub shear forces and moments, and
the stresses are then calculated within the blade.

The calculation of the mode shapes and natural frequencies of vibra-
tion of the rotating blade are calculated by linearizing the nonlinear
equations of motion. This is accomplished by assuming that the vibration
is a small linear perturbation, {Aq}, about the nonlinear static equilib-
rium position, and neglecting products of the perturbation quantities
(i.e., Agiaqj = 0).

)@ (160 + (4]« (Meoflfod - () o

n

Since the effects of structural damping have been neglected, the above
equation will reduce to a standard eigenvalue problem (Ref. 3.6-17).

The linearized equations of motion can be written as:

o1 o (0] Bl - ) e

n
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Equations (3.6-7) are solved by standard eigenvalue techniques. The
calculated eigenvalues are the squares of the natural frequencies of vibra-
tion and the corresponding eigenvectors are equal to the mode shapes.

3.6.5 Verification of Beam Model

Numerical results aimed at illustrating the characteristics and
behavior of the nonlinear rotating beam finite element model, will be
presented. The results are divided into two separate groups. The first
group of results are used to illustrate a few of the analyses that were
done to verify the model. This included comparisons of Tinear and
nonlinear, static and dynamic results with known analytical and
experimental solutions. The second group of results is described in
Section 6 wherein the methodology is applied to two propellers.

3.6.5.1 Sample Calculations

Part of the initial verification of this model was to test its ability
to analyze curved beams. An analysis of a tip-loaded circular cantilever
beam was done using the present finite element model, Figure 3.6-7. A
series of tests were performed for different radii of curvature and the
solutions were compared with known analytical results (Ref. 3.6-18). The
beam finite element model consisted of six finite elements that were placed
along the curved elastic axis of the beam. Six different tip loads (i.e.,
three tip forces, three tip moments) were applied separately to the model
and the tip displacements were calculated for fixed values of beam
curvature. Excellent results (Figures 3.6-8 through 3.6-10) were obtained
as the curvature of the beam varied from zero degrees (straight cantilever
beam) to 90 degrees (semicircular cantilever beam).

The calculation of the natural frequencies and mode shapes of a curved
beam were performed and a comparison was made with known analytical solu-
tions (Ref. 3.6-8). This part of the verification of the model was
slightly more difficult since even though numerous results for straight
beams are available, there are very few closed form results that exist for
curved beams. This is because the mode shapes for curved beams are
geometrically coupled together and their definition is usually described in
either two- or three-dimensions.
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The natural frequencies and mode shapes for a straight cantilever beam
were calculated, using six finite elements, and a comparison was made with
analytical results (Ref. 3.6-19, p. 108). Excellent agreement was obtained
for the first 11 mode shapes and frequencies, errors of less than 0.5% were
found between the analytical solution and the present model.

The natural frequencies and mode shapes of a clamped-clamped semi-
circular arc were calculated and the solutions were compared with analytic-
al results (Ref. 3.6-19, p. 207-208), see Figure 3.6-11. Six finite
elements were placed along the curved elastic axis of the beam and the
first eight eigenvalues and eigenvectors were determined. These mode
shapes were compared with the analytical solutions for the in-plane
flexural modes and the first out-of-plane flexure mode. From Figure 3.6-11
it can be observed that a good correlation between the finite element model
and the analytical solution was obtained for very few finite elements. A
comparison of the torsion modes and the higher order out-of-plane flexural
modes could not be done because an analytical solution could not be found.

A study was also done to see how the natural frequencies and mode
shapes of a cantilever beam would vary as in-plane, out-of-plane, and pre-
twisted curvatures were introduced. The definition of the geometry of the
beam and the results are presented in Figures 3.6-12 through 3.6-14. A
series of analyses were performed by starting with a straight cantilever
beam and increasing the in-plane curvature (Figure 3.6-12). The results of
this study show that introducing in-plane curvature will cause a slight
reduction in the natural frequencies of the out-of-plane modes (z
direction) over the complete range of curvatures. This can be accounted
for by noting that, as curvature is introduced into the beam, the beam is
actually becoming shorter (in the x direction) and the mass effects are no
longer evenly distributed, but are concentrated closer to the tip. This
shortening of the beam and shifting of the mass center of the beam will
lower the natural frequencies of the out-of-plane modes. A sharp increase
in the first torsion natural frequency and a sharp decrease in the third z
natural frequency in the region of high in-plane curvatures can be
accounted for due to the geometric coupling.
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Figure 3.6-11. Natural Frequency Calculation of a Clamped-Clamped
Circular Arc Beam
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Figure 3.6-12. Natural Frequency Calculation of a Cantilever Beam
with In-Plane Curvature
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Figure 3.6-13. Natural Frequency Calculation of a Cantilever Beam
with Out-of-Plane Curvature
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Figure 3.6-14. Natural Frequency Calculation of a Pretwisted
Cantilever Beam
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The introduction of out-of-plane curvature into the canti]évér beam
model will produce effects that are very similar to the effects of in-plane
curvature (Figure 3.6-13). Out-of-plane curvature will generally lower
both the in-plane and out-of-plane natural frequencies of the beam because
of the geometric shortening and shifting of the mass center that is taking
place. The natural frequency for the first torsion mode increases as out-
of-plane curvature is added to this model, due to the geometric coupling
between the torsion mode and the in-plane motion.

The incorporation of a uniform distribution of pretwist along the beam
length will cause the in-plane and out-of-plane natural frequencies to
coalesce, Figure 3.6-14. This can be accounted for due to the geometric
coupling that is introduced between the in-plane and out-of-plane degrees
of freedom. The first torsion natural frequency also decreases due to the
incorporation of beam pretwist that reduces the torsional stiffness of the
model.

The nonlinear terms associated with the moderate deflection theory
were verified using experimental results that were obtained by loading a
straight cantilever beam in the moderate deflection regime, Figure 3.6-15,
The results of the calculations using this finite element model were ident-
ical to the results produced by Rosen and Friedmann (Refs. 3.6-2 and
3.6-20). This was expected because when the effects of beam pretwist and
curvature are neglected, the equations developed by the present theory will
reduce to the equations of Rosen and Friedmann (Ref. 3.6-2). One of the
figures from their paper has been included to show how this theory compares
with the other theories. From Figure 3.6-15b, it can be observed that the
present theory follows the experimental results very closely in nonlinear
range whereas as the linear theory falls away and theory developed by
Hodges and Dowell (Ref. 3.6-1) appears to be unstable. Further discussion
of the comparison between the different theories can be found in Reference
3.6-20.
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3.7 AEROELASTICITY MODULE

The assurance of satisfactory structural dynamic behavior, in par-
ticular aeroelastic (flutter) stability, requires an accurate aeroelastic
analysis specifically directed to the particular characteristics of ad-
vanced propeller designs. Prior to presenting the results of test cases
using the G400-PROP code, an overview is given of the important details of
the G400-PROP aeroelastic analysis procedure developed to satisfy the
analysis requirements of advanced propeller designs. This code is a
modification of the G400 Helicopter Rotor Aeroelastic Analysis. These
modifications involved removing the modules specialized for helicopter
analysis and adding modules for generating an equivalent "straightened-out"
propeller (i.e., equivalent straight rotor) out of a swept advanced
propeller. Significant work was also done to extend the aerodynamic

modules for higher Mach numbers.

This code was originally too large to be considered as a possible
option for GAPAS due to the size constraints of the executive system. A
new version of this code has been written with all of the options of the
original code, but with a significant reduction in size so that it can be
utilized in GAPAS. The reduced version, however, is still too large to be
part of the unified analysis system and thus the G400-PROP code will be
used as a stand-alone code on the NASA computer. This would require
appropriate input data to be generated by the GAPAS code in the form of an
input file for the G400-PROP code. The "reduced" version of the code is
still under development and debugging of the code is underway. The reduced
version of the code is currently not able to reproduce the time-history
results of the original version of G400-PROP. Calculations, which were
performed using the original version of the code, are presented. Time-
history and stability solutions were generated for an NASA SR-2 (straight)
propeller at various rotational speeds.
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The analysis of swept propellers using this code has not been‘investi-
gated, because the original version of the G400-PROP code did not have a
capability for generating the line of shear centers and the structural

constants.

The capability for generating these properties now exists

(GAPAS Geometry Generator), however, a reliable version of the G400-PROP
code is not available.

3.7.1 Structural Twist and Sweep

Model
been done

ing the structure of the blade is an extended version of what has
in previous versions of G400 (Refs. 3.7-1 and 3.7-2). The most

significant changes are those concerning sweep and twist associated with

advanced propellers (i.e., prop-fan).

3.7.1.1 Principal Assumptions

The principal assumptions associated with the derivation of the pro-

peller model are presented:

(1)

(2)

(3)

01-154-86

The rotor is rotating at a constant velocity, has infinite imped-
ance, and is in steady translational flight. The orientation of
the rotor in space is specified by the appropriate Euler angles
(pitch and roll). The orientation to the freestream is specified
by means of a rotor angle-of-attack and a yaw angle.

The elastomechanics of the blade are described within a beam
theory framework with corrections of a kinematic nature to
accoun§ for the structural twist and sweep (Figures 3.7-la and
3.7-1b).

The elastic (torsion) axis is defined as the spanwise locus of
shear centers of the two-dimensional blade (beam) sections taken
perpendicular to this spanwise locus. Note that this definition
treats the elastic axis as an abstracted section property, as
contrasted with what one would measure in a bench test of an act-
ual curved beam. In such a test, the locus of points where bend-
ing loads produce no torsion deflection (at the points of load
application) would conform to the usual interpretation of the
"elastic axis". This axis, however, would be different from the
herein usage of this term to denote the locus of section shear
centers. The built-in structural sweep (elastic axis offset),
together with the elastic bending deflections, defines an elastic
axis which is generally a space curve about which the local tor-
sion deflections must take place. Thus, as shown in Figure
3.7-1a, each spanwise beam segment generally will not be defined
parallel to the other segments. For the analysis of the beam-
like elastic properties, the structurally swept biade (Figure

3.7-1a) is assumed to have its so-defined elastic axis
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Figure 3.7-1. Basis for Use of Beam Theory for Structurally Swept Blade

01-154-86 3-109



(4)

(5)

(7)

(8)

01-154-86

“straightened out". This artificial stgéightenigg defines an
‘equivalent beam" whose (straight) elastic axis has the same arc

length as the Tine of shear centers of the original swept blade
]Figure 3.7-1b).

The bending elasticity is described by the conventional (1inear)
beam bending and (nonlinear) torsion characteristics, as formula-
ted by Houbolt and Brooks (Ref. 3.7-3), for the above defined
"equivalent beam". It is recognized that various deficiencies
have been identified in these and other earlier formulations,
both with respect to their adequacy for moderate to large bending
deflections (Ref. 3.7-4 and 3.7-5) and with respect to the proper
modeling of pretwisted beams under tension (Ref. 3.7-6 through
3.7-8). However, there is no well-established agreement either
on the impact of these deficiencies on propeller aeroelasticity
or more importantly, on a proper reformulation. Thus, the
continued use herein of the Houbolt and Brooks elastic
formulations must be viewed as an eventually correctable
deficiency of uncertain importance, to be addressed at some
future date.

The elastic bending and torsion deflections are "small" and
respectively defined in a local sense normal to and along the
space curve as defined by the built-in elastic axis. These
deflections are defined as small (i.e., squares of these terms
can be neglected with respect to one).

The elastic bending and torsion deflections can be described
using the “"uncoupled" normal bending and torsion modes of the
"equivalent beam" (i.e., straightened-out beam). The uncoupled
modes are calculated assuming zero precone, prelag, pitch,
pretwist, center-of-gravity offset, and elastic axis offset. The
use of these uncoupled modes is a major deficiency for analyzing
highly swept pretwisted propeliers (i.e., prop-fans) because the
actual modes are always geometrically coupled.

Blade elastic bending is defined by the conventional beam bending
differential equations (Ref. 3.7-3{ wherein the usual independent
spanwise variable is taken to be the arc length along the elastic
axis. Within this context, the explicit elastic bending-torsion
coupling due to structural sweep is omitted in favor of implicit
coupling due to inertial, aerodynamic, and gravitational loadings
taken with the appropriate sweep-related kinematics.

The blade aerodynamic and structural twist distributions are non-
linear. Additionally, the total (integrated) angle of structural
twist is negligible beyond second order; however, cases of large
Tocal twist rates over short sections of span can still be
addressed.
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(9) Local radial foreshortening is defined relative to the equivalent
"straightened-out" beam (Figure 3.7-1). Contributions to radial
foreshortening accrue from (a) the built-in structural sweep, (b)
first-order (1inear) functions of bending, arising from built-in
structural sweep, (c) second-order (nonlinear) functions of
bending each with elastic torsion arising from built-in
structural sweep, and (d) second-order functions each of both
flatwise and edgewise bending.

(10) The elastic axis of the straightened-out beam is coincident with
the feathering (pitch) axis at the root of the blade.

(11) The blade flapping and lead-lag deflection degrees of freedom are
assumed to fixed at the hub.

(12) The blade distributions of the center-of-gravity, aerodynamic
center, and the center-of-tension (area center) are defined in
two-dimensional sections normal to the curved "line of shear
centers”. It is assumed that these cross sections are symmetric
about the chordline, and that all of the offsets 1ie along the
chord. Most propellers do not have symmetric cross sections and
neglecting the effects of asymmetry will lead to errors in the
definition of the centrifugal loads.

(13) The blade sections have finite thickness mass, but generally the
thicknesswise location of the section center-of-gravity away from
the chordwise principal axis is negligible.

3.7.1.2 Basic Modeling Characteristics

The derivation of the structural model of the propeller is character-
ized by the following steps. (1) The line of shear centers (space curve)
and the structural properties (elastic, inertial, and 1/4 chord location)
of the blade must first be determined using either experimental or analyti-
cal techniques. These values are required input to the G400-PROP. (2) An
equivalent straightened-out blade is defined in a manner such that it has
an elastic axis with the same length as the curved line of shear centers
and structural properties that are equivalent to the section properties of
the curved blade. This straightening out of the blade will uncoupie all of
the in-plane and out-of-plane motion that is present in swept and
pretwisted propellers. (3) The linear differential equations of motion,
which were derived by Houbolt and Brooks (Ref. 3.7-3), are applied to the
equivalent straightened-out blade. (4) These equations are solved using
the global Galerkin method combined with a set of uncoupled mode shapes of
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a nonrotating beam. These mode shapes are calculated assuming that the
mass, area, and elastic axes are coincident.

Further development of the structural model and the mathematical form-
ulation of the sweep angles can be found in Reference 3.7-9.

3.7.2 Aerodynamic Sweep

The unsteady airloads formulation incorporated in the G400-PROP analy-
sis is based on aerodynamic concepts originally developed for helicopter
rotor blades. A characteristic of the aerodynamics of helicopter rotor
blades is the generally large variability in local air velocities due to
combination of rotation with translational motion within the plane of the
rotor. As a result, the aerodynamic formulations that have evolved are
typically of a "strip theory" type with varying degrees of refinement to
account for unsteady and swept flow effects. Such refinements are two-
dimensional and applied in a heuristic manner based on the strip theory
assumption.

3.7.2.1 Principal Assumptjons

In addition to the basic strip theory assumption, the assumptions
related to the sweep of the blade are defined as follows:

(1) The local aerodynamic section sweep angle is defined by the angle
the local airflow direction makes with the blade section taken
normal to the midchord 1ine.

(2) The section angle of attack is defined by the inflow and pitch
angles measured with the section taken normal to the midchord
line.

(3) For those cases wherein the "quasi-static" option is invoked, the
effective angle of attack is defined as the sum of the pitch and
inflow angles. For this case, inflow angle is evaluated using
Tocal flow velocities at the 3/4 chord control point.

(4) For those cases wherein either of the specific, more advanced
unsteady methods of the next two sections are invoked, the angle
of attack or plunge variables are also defined using Assumption
(2), but with inflow angle evaluation at the 1/4 chord control
point.

(5) Airfoil drag is divided into two vectorial components (pressure

drag and skin friction drag) which are vectorially added to give
the total drag. Pressure drag is that generally associated with
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compressibility and 1ift, and locally acts in the diréction
normal to the midchord 1ine, whereas skin-friction drag acts in
the direction of the local flow velocity (Fig. 3.7-2).

(6) Skin friction drag varies with span (and hence Mach number) but
is invariant with angle of attack.

(7) Lift, pitching moment, and pressure drag coefficients are deter-
mined by the angle of attack and Mach number measured in the sec-
tion normal to the midchord line. The 1ift, pitching moment, and
pressure drag are determined by their so-defined coefficients and
the dynamic pressure based on the velocity components normal to
the midchord line.

(8) Skin friction drag is determined by the Mach number and dynamic
pressure based upon the vector sum of all components of the local
flow.

3.7.2.2 Basic Modeling Characteristics

The airload distributions are derived using strip theory along with
cross sections that are perpendicular to the "lTine of midchords". The
sweep angles of this cross section are defined using Euler angles. The
total velocity vector, U, is decomposed into vector components that are
defined parallel (tangential) and perpendicular (radial) to the cross
section. The local 1ift and the pressure drag are calculated based upon
strip theory where the velocity vector parallel to the cross section and
the local section angle of attack (difference of the total pitch angle and
the inflow angle) are used. The skin friction drag is calculated using the
total velocity vector.

Further explanation of the development, including the mathematical
derivation, can be found in Reference 3.7-9, pages 40-50.

3.7.3 Unsteady Stalled Airloads

Detailed analysis of dynamic stall experiments has led to a semi-anal-
ytic methodology characterized by a set of relatively compact analytical
expressions, called synthesized unsteady airfoil data, which accurately
describe in the time-domain the unsteady characteristics of stalled air-
foils (Ref. 3.7-10). Under the present study, the unsteady stalled
airloads methodology was expanded for propeller applications by
synthesizing similar unsteady loops at subsonic Mach numbers that are
higher then helicopter rotor applications. More specifically, the high
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Mach number data contained in References 3.7-11 and 3.7-12 were reduced to
synthesized form within the established Reference 3.7-10 framework.

3.7.3.1 Overview of Dynamic Stall Model Methodology

When an airfoil experiences an unsteady increase in angle of attack
beyond the static stall angle, a vortex starts to grow near the leading
edge region. As the angle continues to increase, the vortex detaches from
the leading edge and is convected downstream near the surface. The suction
associated with the vortex normally causes an initial increase in lift.

The magnitude of the increase depends on the strength of the vortex and its
distance from the surface. The streamwise movement of the vortex depends
on the airfoil shape and the pitch rate. The relative distance between the
vortex and the airfoil varies according to the kinematics of the airfoil.
That is, it depends on characteristics such as the pitch rate and the in-
stantaneous angle of attack. As the vortex leaves the trailing edge, a
peak negative pitching moment is obtained. The airfoil remains stalled
until the angle-of-attack is sufficient so that reattachment of the flow
can occur. The method used in the development of the G400-PROP
incorporates all of these events.

3.7.3.2 Parameters Influencing Dynamic Stall

The unsteady 1ift, drag and pitching moment coefficients of the air-
foils obtained from the two-dimensional oscillating airfoil test show a
large degree of hysteresis when plotted as functions of angle of attack,
particularly when the reduced frequency and the maximum angle of attack are
sufficiently high. The amount of hysteresis and the shape of the loops
vary in a highly nonlinear fashion with such test parameters as amplitude,
mean angle, and reduced frequency.

The results of the oscillating airfoil test clearly indicate that the
dynamic characteristics of an airfoil depend on the following main param-
eters: (1) airfoil shape and sweep, (2) Mach number, (3) Reynolds number,
(4) mean angle of attack, (5) reduced frequency, and (6) oscillation
amplitude.

The first four parameters affect both the static and the dynamic
characteristics of the airfoil, while the last two are purely dynamic
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parameters. Since this analysis will employ a time-history solution
techniques for computation of the aerodynamic loading, frequency domain
parameters (4-6) are inappropriate for time domain simulations. As a
result, an alternative set of dynamic parameters, which are appropriate for
time-domain simulations, is defined. The alternative parameters are: (4)
the instantaneous angle of attack, (5) the nondimensional pitch rate, and
(6) the unsteady decay parameter, which accounts for the time history
effects of the change in instantaneous angle of attack and is based on the
Wagner function.

The analytical expressions are obtained mostly by mathematical or
empirical means and in general they represent simple quantitative approxi-
mations to the various observed physical features of the dynamic stall
phenomenon. The mathematical derivation for the six parameters, including
a means of predicting the dynamic stall events can be found in Reference
3.7-9.

3.7.4 Unsteady Unstalled Subsonic Aerodynamics

The use of quasi-static airloads in the aeroelastic analysis of ad-
vanced propeller systems (i.e., prop-fans) lends itself to simplicity and,
hence, economy rather then accuracy. For an accurate quantitative aero-
elastic analysis, unsteady aerodynamic forces become indispensable. This
can be seen by noting the 1ift coefficient variations with reduced frequen-
cy shown in Figure 3.7-3 for a two-dimensional airfoil at a subsonic Mach
number typical of prop-fan operations. The reduced frequency range shown
in Figure 3.7-3, moreover, is typical of the vibration modes of real prop-
fans. The aerodynamic force lag is substantial as implied by the imaginary
part of the 1ift coefficient.

The majority of the available unsteady aerodynamic 1ift and moment
information for airfoils comes from theory or experiments in the (real)
frequency domain instead of in the time domain. This is due to the
simplicity in the mathematics and experimental efforts in working in the
frequency domain. In order to perform time-history solutions for an
aeroelastic problem, however, the frequency domain unsteady aerodynamic
data must be properly transformed into the time domain. 1In order to
overcome these difficulties, Pade approximants have been introduced as an
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approximate but consistent way to bridge the gap between the (rea])
frequency domain unsteady aerodynamic data and the time domain description
of the unsteady aerodynamic forces (Ref. 3.7-13). An example of the
application of the method is shown in Figure 3.7-3. As opposed to the
generally transcendental nature of the unsteady aerodynamic data, Pade
approximants are defined in terms of rational functions that are known to
have simple Laplace transforms or inverse Fourier transforms. In addition
to the mathematical advantage, the Pade approximant also provides a quick
method for interpolating and/or extrapolating the frequency domain data,
which is generally limited to a few discrete frequencies.

In Reference 3.7-9, the sources of unsteady aerodynamic data used in
the G400-PROP study are described and the data synthesization procedures
for rendering these data to Pade forms are described. The details of
proceeding from the Pade forms to linear differential equations are also
described.

3.7.5 Sample Calculations

In this section, stall flutter calculations are presented that are
used to provide an indication of the performance of the original version of
the G400-PROP computer code (i.e., not the reduced version). These calcul-
ations were performed using the SR-2 propeller, which is a short, straight,
isotropic blade with very 1ittle pretwist. This blade was selected for two
reasons: First, a complete set of structural properties, including the
line of shear centers location, exist. Second, results from NASA-conducted
stall flutter tests of this blade exist and are readily accessible.

It should be noted that the performance of this code cannot be
completely identified by these calculations, because this code was
originally a helicopter rotor code that was designed to analyze straight
blades. The modifications that were incorporated in this code, which
include the capability of analyzing swept and pretwisted advanced
propellers, are not being tested with these calculations. It is presumed
that the results for a curved blade analysis would be no better then the
results for a straight blade because the structural model for the blade is
straight with correction factors that account for sweep.
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3.7.5.1 Description of Blade Configuration and Operating Conditions

The SR-2 prop-fan propeller model is constructed out of solid steel,
has a 0.6223-meter diameter, and is configured with eight “shovel tipped”
blades (no sweep). The planform of this model design is shown in Figure
3.7-4, and a summary of the pertinent geometric and other measured
parameters is given in Table 3.7-1. Also included in this table are the
various dynamic properties that were defined in Reference 3.7-9. Rough
estimates of the equivalent viscous structural damping values were
estimated from stall flutter tests (Ref. 3.7-9). The torsion stress/
pitching moment 7/M, at the 19.05 cm spanwise location was calculated using
the blade geometry and appropriate formulas from Reference 3.7-14.

The nine different operating conditions that were chosen for the SR-2
propelier blade are described in Table 3.7-2. The first five cases are
used to verify the analytical predictions of Reference 3.7-9 and to
correlate with the experimental stall flutter results performed by UTRC.*
The last four cases were used to correlate the G400-PROP results with
experimental stall flutter wind tunnel data. These four cases were run at
7000 rpm, but with different blade pitch angle settings, so that the
predicted stall flutter point can be compared with the actual pitch setting
that caused stall flutter.

Analytical predictions of the variations in uncoupled blade modal
frequencies with tip speed are presented in Figure 3.7-5. These
frequencies, of course, lack the coupling effects of pretwist, precone,
prelead, etc., which the G400-PROP analysis provides when addressing swept
propellers,

3.7.5.2 Stall Flutter Correlation Cases

Table 3.7-2 and Figure 3.7-6 summarize the experimental and analytical
stall flutter results for the statically thrusting SR-2 propeller bilade.
The experimental results are presented in Table 3.7-2 as pitch and speed
settings of the propeller that produce stall flutter. The experimental

*These tests were performed under Contract NAS3-2755 and are summarized in
UTRC Report R81-335414, "Static Stall Flutter Tests of ASD Prop-fan
Models."
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Table 3.7-1. SR-2 Model Prop-Fan Physical Parameters

Design Parameters

Tip Speed, IR, m/s
Rotor Speed, R, rpm
No. of Blades, b
Radius, R, m
Solidity, ¢

Blade Root Offset, e
Preconing, pg, deg
Prelead-lag, 6p, deg
Fabrication Material

Parameters Calculated or

Model Values

277.01

8500

8

3112

.565

.1372R

0.1

0.1

4340 stainless steel

Estimated

Uncoupled Mode Natural

Frequencies (Calculated)

1st Flatwise Natural Frequency, wwl, Hz 233.34 (1.577P)
2nd Flatwise Natural Frequency, wwz, Hz 541.94 (3.825P)
3rd Flatwise Natural Frequency, wwz, Hz 1037.74 (7.325P)
1st Edgewise Natural Frequency, wvl, Hz 1030.59 (7.274P)
1st Torsional Natural Frequency, wel, Hz 627.64 (4.430P)
2nd Torsional Natural Frequency, waz, Hz 1246.79 (8.801P)

Structural Critical Damping Ratios (Estimated)

Flatwise Modes
Edgewise Mode
Torsion Modes

0.008
0.008
0.008

Torsion Stress/Pitching Moment (Calculated)

/M (@ r= 19.05 cm)

3.89/cm3
(63.77/in3)

01-154-86
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Predicted and Measured Values of PTP Torsion Streés at

Table 3.7-2.
Selected Operating Conditions for SR-2 Prop-Fan
aw = 1155 ft/s = 352 in/s
Experimental
G400-Prop Results | Results
Blade Forward
Rotational | Pitch Flight 1/2 Peak- 1/2 Peak-
Speed p. Speed, to-Peak, to-Peak,
Case | 11, rpm degree | m/s psi Comments [psi Comments
1 2000 30 0 <500 | No stall {500 | No stall
2 8500 20 0 <500 | No stall <500 | No stall
3 8500 25 0 7537 | Stall {1000 | No stall
4 8500 30 0 4345 | Stall 5000 | No stall
5 8500 32 0 1857 | Stall 8000 | Stall
6 7000 20 0 <500 | No stall {500 | No stall
7 7000 24.1 0 10,000 | Stall {1000 | No stall
8 7000 27.6 0 34,500 | Stall 1000 | No stall
9 7000 35.8 0 22,100 | Stall 7000 | Stall
01-154-86 3-122
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results of Figure 3.7-6 are presented as isostress curves for the 1/2 peak-
to-peak (1/2PTP) torsion stresses which are calculated using strain gage
data at the 19.05 cm spanwise location, as shown in Figure 3.7-4. The
reduction of the test data to 1/2PTP torsion stresses was accomplished
using the manufacturer's gage factors which were supplied by UTRC (Ref.
3.7-9).

The analytical G400-PROP calculations consist of Cases 1 through 9
given in Table 3.7-2 and are indicated in Figure 3.7-6 as open or closed
square or circular symbols. If the symbols are open, then the calculation
has predicted that the blade is stable. Likewise, a closed symbol
indicates that the code has predicted stall flutter. The square symbols
refer to calculations that were also performed by UTRC, while the circular
symbols refer to calculations that were performed by TRW. The calculated
values of the 1/2PTP torsion stresses are also listed.

Case 1 (2000 rpm, Bref = 30°) was used as a reference point to check
that the analytical model was well behaved and that the 1/2PTP stresses
were small and in agreement with the experimental results. Cases 2 through
5 (8500 rpm, fref = 200, 250, 300, 320) were used to compare the predicted
stall flutter point, which agreed with the UTRC analytical predictions,
with the experimentally derived stall flutter point (8500 rpm, fref =
31.89). From Figure 3.7-6, it can be seen that the stall flutter point
that was predicted by the G400-PROP analysis is 6.8 degrees less than what
was recorded in the test (250 versus 31.80). Another important observation
is that the predicted 1/2PTP torsion stresses do not agree with the
experimentally recorded results. The calculated torsion stresses are
extremely high for low values of pitch, but are smaller for high values of
pitch. This was not expected or recorded in the test because, as the pitch
angle is increased, the blade is more unstable and the recorded torsion
stresses are much larger.

Cases 6 through 9 (7000 rpm, fref = 200, 2410, 2760, 3580) were also
used to compare the analytically predicted stall flutter point with the
experimentally recorded point (7000 rpm, fpef = 35.89). The predicted
stall flutter point is 11.7 degrees less than the experimentally recorded
point (24.10 versus 35.89). The experimental data of the blade operating
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at 7000 rpm and a pitch setting of 24.1 degrees is very clean with the
recorded torsion stresses less than 500 psi and blade acting very stable.
The analytical results, for this same operating condition, show the blade
acting highly unstable with the torsion stresses equal to 10,000 psi. The
predicted torsion stresses for these four cases do not look that much
better than the previous four cases because the magnitude is at most 30
times too large and the trends are not in agreement with the experimentally
recorded data.

Possible reasons for the disparity between the experimental data and
the analytically predicted results are:

(1) The inadequacy of using uniform inflow for the statically thrus-
ting condition

(2) The uncertainty in the static stall characteristics of the NACA
16-series airfoil data used

(3) The unknown impact of cascading effects on the airfoil stall
characteristics.

3.7.6 Recommendations

Based on the above calculations, it was recommended that, prior to the
G400-PROP aeroelasticity analysis being incorporated into GAPAS, a number
of test cases should be run using the latest reduced version of the code.
These cases are meant to evaluate the G400-PROP code using straight and
swept advanced propellers.

(1) Calculate the natural frequencies, mode shapes, and flutter
points of a straight conventional propeller with pretwist. A
comparison of this data with experimentally derived data (three
bladed assembly) would be useful in determining how well the
uncoupled modes of the G400-PROP predict the geometrically
twisted modes of the actual blade. Expected agreement of the
stall flutter points should be very good because cascade effects
can be ignored.

(2) Calculate the natural frequencies, mode shapes, and flutter
points of an actual swept propeller (curved and pretwisted) and
compare them with actual test data. These will test the sweep
transformations that are included in the structural and the
aerodynamic models. It is also useful in determining the
importance of using a nonlinear structural model versus the
current linear structural model.
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(3) Repeat the calculations in (2), by making a small perturbation to
the defined line of shear centers of the swept blade. This
calculation is necessary in order to access the sensitivity of
the 1ine of shear center location on the flutter calculations.
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4. FORMULATION OF SYSTEM FRAMEWORK

The objective of this task is to formulate the system framework for
the design of the procedural system. Based on the evaluation of procedural
systems performed in Task 1 the ANOPP system was recommended and subse-
quently adopted as the procedural system for GAPAS. Although the system
has been developed and used extensively for aircraft noise prediction
analysis, its applicability to GAPAS has yet to be determined. Therefore,
the main objectives for this task are focused on: (1) familiarization of
the ANOPP system for the preparation of GAPAS integration; (2) checking out
system functions and checkpoint/restart capabilities; (3) identifying
input/output requirements for the GAPAS functional modules.

4.1 FAMILIARIZATION OF ANOPP PROCEDURAL SYSTEM

The objective of this subtask is to determine the mechanism through
which users, functional modules, and the executive system interact. This
is of utmost importance to functional module writers because modification
to existing modules for integration must be compatible with the procedural
system. An examination of the system shows that the mechanism is built
upon the coordination of three sets of system routines. These routines
perform separate functions which: (1) interpret user directives to
determine the mode of execution desired, (2) transfer data between modules,
and (3) dynamically manage the core storage for efficient operations.

User directives, or ANOPP control statements, are internally defined
statements. These statements provide a means for user and system inter-
actions. Because of the large core requirement, GAPAS is likely to be
either I/0 or CPU-bound, meaning that batch mode is the likely mode of
operation. Therefore, user directives are to be assembled in the form of
an input file and submitted in a batch process.

The ANOPP data transfer mechanism is controlled by a number of system
routines normally residing in core. These routines perform basic functions
of READ and WRITE for functional modules. The data base consists of two
types of data, either in the form of a named disk file or single-value
variables maintained in core. UPDATE and PARAMETER are the user directives
provided for constructing these types of data. Typically, user parameters
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are utilized for program control flags, single-valued operating cohditions,
and parameters frequently modified among modules. The advantage of having
this type of data is in fast access time. Data files are designed for the
storage of voluminous data generated by functional modules. These files
are dynamically created at run time, therefore requiring no prior "open" or
subsequent “"close". This feature has the merit of efficient use of system
resources thereby avoiding unnecessary 1/0 waits. A

It is evident that a number of system routines must reside in core to
perform the basic executive functions. Although the exact number changes
from time to time, the average size of these routines is estimated to be
200K octal words. A CDC CYBER-175 machine has a maximum storage of 377K.
The existence of the ANOPP procedural system reduces the field length
otherwise available to functional modules. Therefore all modules are
restricted to Tess than 177K words. A1l modules considered for GAPAS,
except the aeroelasticity module, meet this storage constraint. For
modules requiring slightly more memory, the system dynamic storage manage-
ment system can be utilized. The system provides run-time dimensioning of
arrays, thereby allocating and deallocating storage within a module.

4.2 ANOPP SYSTEM CHECKOUT

The purpose of this task was to verify the operation of ANOPP under
the TRW CDC/TSS computer system. This is necessary because the TRW system
supports only some NOS features and ANOPP was developed under the generic
CDC/NOS system. In addition, major features such as data transfer mechan-
ism and checkpoint/restart must be checked to determine their operational
status.

In the first exercise, two simple modules were incorporated. These
modules required services from the data base manager which performs some
read/write functions. User parameters were also employed. Data transfer
between these modules was successful indicating that system routines hand-
led the data base function properly under the TRW computer system.

In the second exercise, two potential GAPAS modules were used. These
modules were the JUMPER code and ALJABRI code which are used for the air-
craft flowfield and propeller performance calculations. Figure 4.2-1 shows
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the required interactions between the modules and a user. The user defines
the geometry of the aircraft nacelle in the data unit called AIRCRFT(
BODY3D) and the operating conditions (freestream velocity, number of
blades, angle of attack, etc.) in user parameters (VCOM,BN,ALPHA). A data
base 1s then created to store the user input and transfer the required data
to the functional module JUMPER as the module is executed. Upon com-
pletion, JUMPER instructs the data base manager to store the three velocity
components of the flow field in another data unit called AIRCRFT(FLOW). As
JUMPER execution is completed, the ALJABRI module is loaded in core pre-
viously occupied by JUMPER. During the course of execution, retrieval of
aircraft flowfield data is initiated and the data base routines are acti-
vated for such operation. Along with this data file, user parameters such
as advance ratio (AJ) and rotational speed (OMEGA) are input by the user.
In brief, this figure shows a conceptual construct for GAPAS.

Figure 4.2-2 shows the input file for the checkout case described
above. The first two statements, ANOPP and STARTCS, simply signal the
beginning of an ANOPP run, thereby initializing arrays and parameters.
After the PARAM and UPDATE statements, the system constructs a data base
with values as defined in the input stream. CKPNT sets up a checkpoint at
this point of execution. The effect of setting up a checkpoint is to
instruct the procedural system to unload all data in the current run
environment into a disk file. This file will be used subsequently for a
restart run. The EXECUTE statement moves a functional module into core for
execution. After JUMPER and ALJABRI modules are completed, ANOPP will exit
with the ENDCS statement.

Figure 4.2-3 shows typical input files for restart runs. As pre-
viously mentioned, checkpoint files must be constructed (by using the CKPNT
statement) and saved. Every time a CKPNT statement is encountered in an
input stream, a new version (cycle) of the checkpoint file will be written.
To execute a restart run, the checkpoint file must be attached along with
the rest of CDC job control statements. In this figure, the first example
illustrates a restart run of Cycle 1 using the control statement RSTRT.
Effectively, the checkpoint file attached will be loaded and the run
environment at which the first CKPNT was encountered in a previous run is
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RSTRT RSTRT = CKPOINT, RSCYCL = 1 $ } ACTIVATE RESTART CAPABILITY

STARTCS $ START EXECUTION
ENDCS $ END

INPUT FILE FOR THE THIRD ANOPP SYSTEM CHECKOUT CASE

RSTRT RSTRT = CKPOINT, RSCYCL = 2§ } ACTIVATE RESTART CAPABILITY
STARTCS $
ENDCS $ } START AND END

Figure 4.2-3. Input File for Second ANOPP System Checkout Case
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re-established. This requires reading from the checkpoint file of all
named data files and user parameters and storing these data either on disk
or in core. 1In the second example, restart is desired at Cycie 2.

In summary, all the checkout cases ran successfully, indicating that
the ANOPP procedural system functions properly under TRW CDC/TSS computers.

4.3 DESIGN OF AN OVERALL DATA BASE FOR GAPAS

4,3,1 Input/Output Procedures

The adoption of the ANOPP procedural system has severely limited the
option of user input to GAPAS. As discussed earlier, the procedural system
requires approximately 200K octal words. By the time functional modules
are loaded, the storage resource of a typical CDC CYBER machine will be
practically fully utilized. Furthermore, a full GAPAS run that involves a
number of modules is likely to take more than 30 minutes of execution time.
In view of these considerations, GAPAS would primarily operate in a batch
processing mode.

In a batch mode process, a user must first perform three separate
tasks before a program can be executed. First, the source FORTRAN code
must be compiled, meaning that the code is to be converted into machine
language code using a FORTRAN compiler. In this case, a FORTRAN IV com-
piler is required. The next step is to link all the compiled codes into an
overall system, thereby assigning relative core addresses to each machine
instruction and variable. For GAPAS, this step is accomplished by using
the CDC SEGMENT LOADER. The segment Joader, rather than the conventional
loader, is used because the extremely large size of the system requires
that it be overlayed. The segment loader provides a flexible overlay
mechanism. Finally, as the overall program is linked, an executable code
is produced and saved. This executable codes along with a user-constructed
input file, will be submitted for a batch process. A typical user input
contains a sequence of ANOPP control statements which define the logic of
execution of each functional module.

In each functional module, diagnostic messages will be coded and cor-
rective action will be suggested. Furthermore, ANOPP provides extensive
error processing and trace-back series. In case of system error(s), such
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as retrieving data from a nonexistent data unit, messages 1nc1udihg names
of routines will be displayed. Although the system is basically designed
for batch process, intermediate results may be obtained by using the
checkpoint/restart capability, thereby achieving a fast turnaround proces-
sing.

4.,3.2 System Interactions

One of the basic requirements for the design of ANOPP is that of
modularity. Specifically each module is regarded as an independent module.
Interactions among these modules occur through a central data base.
Therefore, no direct calls between modules are allowed. The advantage of
having a modular design is evident. First, it allows clear input/output
requirements, thereby making program debugging easy. Second, as new
modules are developed, older modules can be readily replaced. Figure 4.3-1
shows the required interactions between functional modules required by
GAPAS.

In the single-pass mode, a user defines the operating conditions,
propeller geometry, aircraft nacelle geometry, propeller orientation and
observer locations if the acoustic signature is desired. These data are
stored into the GAPAS data base for the functional module manipulations.
The geometry generator is processed and data required for aerodynamic,
aeroacoustic and structural calculations are generated. In essence, data
for sections perpendicular to the quarter-chord, pitch change axis and
elastic axis are determined. Again, these data are stored in the data
base. For retrieving geometry and operating data from the data base, the
aircraft flow field module is executed to generate the velocity in the
propeller plane to be used for airfoil loading calculations. The next step
requires construction of a drag polar from repeated execution of a airfoil
loading module. 1In certain cases, a drag polar may be obtained directly
from a data bank, thereby avoiding lengthy calculations. The drag polar,
along with operating conditions and geometry data, are then transferred
into the aerodynamic performance module through the data base. This module
determines the efficiency of a propeller and also prepares a loading
distribution for the input of the structure and aeroacoustic modules.

Blade deflections and internal stress are calculated in the structure
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module using the geometry data and loading information. To comp]éte the
system, aeroacoustic and aeroelasticity modules are executed. These two
modules require different sets of geometry data and loadings, and generate
no information required for other modules. In a multiple-pass mode, Figure
4.3-1, repeated executions of the geometry, aircraft flow field, airfoil
Toadings and performance modules are performed until a criterion on
deflections is met. The acoustics and aeroelasticity modules that are
outside this loop are to be processed upon convergence.

4.3.3 GAPAS Data Base

Based on functional module interactions, a tentative data base has
been worked out to provide a system framework for the integration of the
final GAPAS system. The data base is shown graphically in Figure 4.3-2
with a set of named data units. Initially, the data base contains only
data units defined by the user, namely GEOM(BLADE), GEOM(INTRNL),
AIRCRFT(BODYAX), AIRCRFT(PROP), AIRCRFT(INLET), BEAM(DAMP), BEAM(WARP) and
OBSERV(COORD). The convention of naming an ANOPP data file is designated
as data unit name (data member name). These data units correspond to
inputs required for the geometry generator, aircraft flowfield, structural
and aeroacoustic modules. As modules are executed, more data units are
generated. For example, the geometry generator generates various section
profiles and its associated properties by performing cuts perpendicular to
the quarter-chord 1ine, pitch change axis, and elastic axis with designated
names as GEOM(AERO), GEOM(NOISE), GEOM (STRUC1), GEOM(STRUC2), respec-
tively. The required input for the aircraft flowfield module are the air-
craft and propeller geometry data, such as AIRCRFT(BODYAX), AIRCRFT(PROP),
etc. The execution of this module results in the three components of
velocity in the propeller plane and is stored in AIRCRFT(FLOW). The air-
foil loading module requires input stored in GEOM(AERO) and AIRCRFT(FLOW)
and in turn generates a drag polar stored in AERO(CL), AERO(CD), and
pressure distributions in AERO(PRESS). The aerodynamic performance module
requires input of the airfoil section properties and freestream Mach number
stored in GEOM(AERO) and AIRCRFT(FLOW) and generates the actual pressure
loading stored in AEROP(PRESS). Finally, the structural beam module takes
the data stored in AEROP(PRESS), GEOM(STRUC1), BEAM(DAMP) and BEAM(WARP)
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for the analysis of stress and deflection stored in BEAM(XYZ). Up'to this
point, the data base for the operation of a single-pass mode has been
described. 1In the interactive mode, the steady-state deflections of the
blade are added to the original propeller geometry in order to produce a
new propeller geometry and the above procedure is repeated until a
converged steady-state deflection of the propeller is attained. The final
version of the data base will undoubtedly consist of more data units for
extra output of diagnostic purposes. As for the aeroacoustic module,
propeller geometry data and pressure loading stored in GEOM(NOISE) and
AEROP(PRESS) are required. No data files are needed to be generated for
the interactions with other modules. The aeroelasticity module, which is
not available at this time, will not be discussed but input data required
to run such a module have been generated. Such data are stored in
AERO(CL), AERO(CD), BEAM(MOSHAPE) etc. In addition, the design mode option
has not been incorporated in this version of GAPAS. Section 5 discusses
the system integration and the computer codes that have been implemented in
this version of GAPAS.
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5. SYSTEM INTEGRATION

5.1 OPERATION/PROGRAMMING STANDARDS

Because of the constraints stipulated by the ANOPP executive system,
the source programs for GAPAS are written to execute on the CDC/CYBER NOS
computer systems. In addition, FORTRAN IV compilers compatible to NOS
systems are required. The size of the overall program also requires that
overlay techniques must be used to keep the program within core storage
limits. The CYBER segment loader (SEGLOAD) is selected because it offers
flexibilities which allow multi-level, multi-tree structure overlay. These
flexibilities are necessary for GAPAS because of its logical structure
which separates its data base, executive system and functional modules in
hierarchical levels. Certain programming rules are adopted for reasons of
clarity and readability. These rules are designed to make subsequent
maintenance of the GAPAS system relatively easy. These rules are outlined
as follows:

(1) A1l main modules and their submodules are to perform a specific
task; for example, an aerodynamic loading module is to perform
calculations of the drag polar only.

(2) A1l intrinsic functions used are available from most standard
system libraries.

(3) Comment statements are included for modifications performed on
any existing modules.

(4) No non-standard FORTRAN statements will be used.

(5) Data base access for functional modules is coded in self-
contained routines, thus data transfer can be readily verified.

5.2 GAPAS DATA BASE ACCESS METHODS

The GAPAS data base consists of data separated broadly into two
categories depending upon which devices they are stored on, namely, the
user parameters and data units and their members. The following sections
discuss the characteristics and the mechanics of implementing them.
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5.2.1 Utilization of User Parameter

The user parameters represent single-value data stored in main memory.
This type of data has the advantage of fast access, thereby making the
overall execution time short. The disadvantage is that these data tend to
take up precious main memory otherwise available for the process. 1In
addition, user parameters are not transient data, meaning that they stay in
core as long as the overall GAPAS is executing. These data remain even
after the function module that creates them has been unloaded in core.
Therefore, for a functional module writer who is to incorporate an existing
module into the GAPAS system, careful consideration must be taken when
input/output data are to be stored in the form of user parameters. User
parameters should be utilized for data with a small number of elements and
having to be accessed frequently.

Two methods are provided for accessing these data depending upon the
user modes. For a programmer, ANOPP control statement "PARAM" is used.
The format and its options will be discussed in the GAPAS User Manual. For
a functional module writer, a number of ANOPP system utilities can be
"CALL" to perform basic data base read/write functions. These utilities
are summarized as follows:

XGETP - This utility subroutine retrieves a user parameter value from
the user parameter value table maintained in core. In a
functional module, a "CALL XGETP" is issued for a specified
parameter and its value is returned. If such a parameter
cannot be found in core, a diagnostic message will be
returned instead.

FMPARI - This utility subroutine retrieves a number of specified user
parameters in just one utility "CALL". Multiple values will
be returned. The way XGETP and FMPARI are set up is similar,
except that for the latter, two arrays defined with all the
specified parameter names and their corresponding values must
be set up in the module. The proper way to set these up will
be illustrated in a subsequent section.

XPUTP - This utility subroutine establishes (writes) or modifies a
user parameter value in the user parameter value table
maintained in core. A new parameter can be created and the
value of an existing parameter can be changed by issuing a
"CALL XPUTP" with a specified character name and value.
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FMPARO - This utility subroutine establishes (writes) or modifies a
number of user parameters. As for subroutine FMPARI, arrays
or consecutive words in memory must be set up to pass the
parameter names and values to the user parameter name table
and value table.

Throughout the discussion of user parameter, the user parameter name
table and value table have been mentioned. These tables are data
structures required to be maintained in core for the operations of data
retrieval and storage. The name table contains the names of all user
parameters in alphanumeric data type, and a pointer for each parameter
pointing at the address where its value can be found. The value of each
parameter is stored in the value table whose address is indicated by the
pointer. It is clear that the creation of a user parameter requires the
maintenance of several words in memory. Caution must therefore be
exercised to conserve storage in determining if an input/output datum be

maintained as a user parameter.

5.2.2 Utilization of Data Unit

The GAPAS data base manager (DBM) provides functional modules with a
machine independent method of storing and retrieving data on direct access
storage devices. The DBM provides a hierarchical data structure having
direct and sequential accessing of logical records. The highest level of
the hierarchy is called data base, which is defined as a collection of data
units. During GAPAS execution the data base fis created, expanded and
modified via control statements such as CREATE, ATTACH, LOAD, and UPDATE.
These statements are discussed in the User Manual. From the host operating
system stand-point, a data unit is implemented as a file, physically stored
on a direct access storage device. A data unit may consist of a number of
logical segments termed “"data member." Each member segment is uniquely
named within a data unit and is comprised of a set of sequentially
organized records. The combination of the data unit name and the data
member name is required to reference a specific data segment. Analogous to
the concept of a file, a data member may contain either formatted or
unformatted data, fixed length or variable length records. Depending on
the type of format, data may be retrieved in words or a full record.
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The data base manager, as part of the GAPAS system, provides basic
open/close, read/write, and position functions for module writers via calls
to specific member manager routines. These routines are discussed as
follows:

(1) OPEN ROUTINES - The initial steps in opening a data unit are the
validation of the name argument and the determination of whether
the data member is in use. A valid name is specified as one to
eight alphanumeric characters, with a leading alphabetic
character. If the data member is not found, a data structure
called member control block is established to keep track of the
new member. The member name, record length, number of records,
etc., will be written into the control block. Four opening
routines are available for different applications:

MMOPAP - open member to write append
MMOPWD - open member to write directly
MMOPWS - open member to write scratch
MMOPRD - open member to read

(2) WRITE ROUTINES - Typically, there are three levels of validation
performed by these routines. First, the name argument is
checked. Second, the member control block is checked to
determine if the previous record is completed. Finally, the data
member format type is checked to determine if the record to be
written is consistent. When all required validations are
completed, records are then written to the data unit residing on
a disk. These write routines are available for writing either a
full record or words:

MMPUTR - write a record
MMPUTW - write a partial record of n words
MMPUTE - write a partial record of n elements

(3) READ ROUTINES - Basically, two steps for validation are
performed. First, the name argument is validated. Second, the
member control block is checked to determine if the member is
positioned within a record. If it is, the member is repositioned
to the beginning of the next record. Upon completion of these
validations, a record is read and stored into an array reserved
for such purpose. Full record or partial record can be read by
using the following routines.

MMGETR - read a record

MMGETW - read a partial record of n words
MMGETE - read a partial record of n elements
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(4) CLOSE ROUTINE - If the member was open for reading, the member is
logically closed. If it was open for writing, a number of data
structures that are required for keeping track of the member are
updated, and the member is logically closed.

MMCLOS - close a member

(5) POSITION ROUTINES - These routines perform two steps for
validation. First, the argument name is verified, and second,
the determination of whether the data unit is open for read is
performed. If it is not, the system will terminate with
appropriate messages. If it is, the record position is then set
either to the beginning of the member or skipped forward n
records as specified. Positioning of records is accomplished by
updating the current record counter in the member control block.

MMSKIP - skip n records
MMREW - rewind a member
MMPOSN - position member to record n

5.3 FUNCTIONAL MODULE INCORPORATION TECHNIQUE

In this section, examples are presented to show how the executive
system routines discussed above are used in incorporating the functional
modules in GAPAS. The geometry generator (GEOGEN) is selected for this
purpose due to its extensive input/output requirements.

5.3.1 User Parameter Implementation

In the following example, the retrieval of user parameters are coded
in SUBROUTINE UPGEOM in GEOGEN. Since nine parameters are to be retrieved,
a DIMENSION statement is required to set up arrays to receive data.
Therefore, "DIMENSION NAME(9), IVALUE(9), NELEM(9), ITYPE(9)" is coded.
The next step is to set up default values for each parameter by storing
such values in the array designated to receive the parameter data.
Therefore "IVALUE(1)=0", etc., are coded. The next step is to define the
user parameter names to be retrieved which results in "NAME (1) =6HIGLOBE",
etc. The next step defines the type of data (integer or real) and number
of elements for each parameter. This is accomplished in a DO loop. Then
“CALL FMPARI(NAME,IVALUE,ITYPE,NELEM,9)" is issued to perform the actual
user parameter retrieval. Upon completion, the values are returned in
array IVALUE. The last step is to store the retrieved value into the
appropriate variables defined in COMMON blocks.
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SUBROUTINE UPGEOM(IGLOBE, ISPACE,ISTART)
COMMON/OPCON/NPROP, PRESS, . ...IROT..
COMMON/MXVAR/NIN,NSLICE,.....

esesss e

IVALUE(1)=0
IVALUE(2)=1

oooooo

NAME (1) =6HIGLOBE
NAME (2) =6HISPACE

oooooo

po 1 I-1,9
ITYPE(I)=1
1 NELEM(I)=1

------

IGLOBE=IVALUE(1)
ISPACE=IVALUE(2)

RETURN
END

5.3.2 Data Unit Implementation

The next example illustrates the mechanics of reading a data unit by
using the system routines outlined in Section 5.2. 1In the original
geometry generator, three read statements are used to input the geometry of
a propeller blade. The first read statement inputs the number of spanwise
stations and number of points for each airfoil section. The second read
statement inputs the local coordinates and a ply angle of all the points in
a section. The Tast read statement inputs the leading edge alignment,
horizontal length, chord length, twist angle and the global coordinates of
the section. The second and third read statements are repeated for each
section. The original codings are as follows:

oooooo

oooooo

READ(5,10) NIN,NWIRE
10 FORMAT(2I5)
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DO 60 IN=1,NIM
READ(5,20) ((XTIN(IWIRE,IN,I),I=1,4),IWIRE=1,NWIRE)
READ(5,30) TLEA(IN),THA(IN), TCHORD(IN),TWIST(IN),
1 (XTIN(IN,1,1), I=1,3)
60 CONTINUE
20 FORMAT(4E14.7)
30 FORMAT(7F10.5)

se s 00

Analogous to accessing a file, the open, read and close steps are
required. As in user parameters, arrays must be set up for the name and
temporary data storage area. For that, the "DIMENSION NAME(3), IHDR(2),
TEMP(17)" is coded. These arrays are used as name definition, for the
return of system flags, and a buffer area. The next step defines the data
unit and member names resulting in "NAME(1)= 4HGEOM NAME(2)=6HMSLICE".

Then the data member is opened for read by "MMOPRD(NAME,IHDR,STATUS)". The
actual reading is performed by "MMGETR(NAME,TEMP,4,NWDS,STATUS)". Upon
completion, data stored in the temporary buffer area are transferred in the
array designated in the module's COMMON block.

SUBROUTINE GEOIN

COMMON/ INPUT/STIN(53) ,XTIN(53,17,4),..... TLEA(17) , THA(17) , ....

NAME (1) =4HGEOM
NAME (2) =6HMSLICE
CALL MMOPRD (NAME, IHDR,STATUS)
DO 24 IN=1,NIN
CALL MMGETR(NAME,NWIRE,1,NWDS,STATUS)
DO 21 IWIRE=1,NWIRE
CALL MMGETR(NAME, TEMP,4,NWDS, STATUS)
XTIN(IWIRE,IN,1)=TEMP(1)
XTIN(IWIRE, IN,2) =TEMP(2)
XTIN(IWIRE, IN,3)=TEMP(3)
XTIN(IWIRE,IN,4)=TEMP(4)

21 CONTINUE

oooooo

oooooo

CALL MMGETR(NAME, TEMP,7,NWDS,STATUS)
TLEA(IN)=TEMP(1)

THA(IN)=TEMP(2)

TCHORD (IN)=TEMP(3)
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ses 00

RETURN
END
The setup for writing data into data base is analogous to that of
reading and the details will not be repeated here. For more information,
the ANOPP Reference Manual is recommended.

5.4 GAPAS FUNCTIONAL MODULES AND ITS CAPABILITIES/LIMITATIONS

The current version of GAPAS addresses the propeller performance mode.
Only the basic codes necessary to determine the propeller geometry,
aerodynamics, structure and acoustics have been incorporated at this time.
For the completeness of the system an atmospheric module (ATM) has been
incorporated to provide atmospheric properties as a function of altitude.
Due to different demands for airfoil section calculations,, a geometry
generator (GEOGEN) has been developed and included in the system for the
determination of sections perpendicular to the quarter-chord, pitch change
axis and elastic axis. For aerodynamic analysis, the system has included
an aircraft flow field code (JUMPER), two airfoil data banks (NACAl16 and
CLARK-Y), an airfoil loading module (TRANSEP) and the Chang-Sullivan
performance module (PROPCHG). The original NACA16 data bank, as developed
at Texas A&M University, has been enhanced by including a transonic
capability derived from AIR23. AIR23 was developed at UTRC. For
structural analysis a beam module with the capability of performing both
static and dynamic analysis for solid blades has been incorporated.
Finally, two NASA Langley acoustics modules, one for subsonic flow (SPN)
and one for transonic flow (TPN) have been included. To exercise these two
modules a blade shape module (RBS) which transforms the airfoil section
from a cartesian coordinate system into an elliptic coordinate system has
also been incorporated. In addition, a pressure loading module (PLD) has
been developed to evaluate loading for sections normal to pitch change axis
from sections normal to quarter-chord. In short, a basic framework for
propeller analysis has been developed.

01-154-86 5-8



A summary of GAPAS features and limitations is described below.

(1)

(2)

(3)

(4)

(5)
(6)

(7)

(8)

(9)
(10)

(11)

(12)

(13)
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Each functional module is functionally independent and thus can
be easily modified or replaced.

Checkpoint/restart capability has been used repeatedly. It has
been particularly useful for intermediate output analysis as well
as for storing results of previous module calculations so that it
is unnecessary to repeat that part of the overall solution. This
capability not only reduces the overall processing time but also
enhances the turnaround time.

Error traceback has been provided particularly in system level.
Any fatal or nonfatal error will trigger a traceback of all
routines leading to the subsequent diagnostics.

Modules have been linked to operate in both single pass mode and
aerodynamic/structural interaction mode.

Design mode capability does not exist in this version of GAPAS.

User is limited to only one set of spanwise and chordwise
stations for aerodynamics, structures, and acoustics.

In the case of swept propellers, it has been assumed that strip
theory for the section normal to the quarter-chord will provide
the correct drag polar. This assumption must still be verified.

The moment coefficient used for the SR-3 propeller is obtained
from the subsonic NACA-16 data bank. Transonic data needs to be
included in this module.

TRANSEP is the only airfoil prediction code incorporated.

Structural module only addresses solid blades and thus GAPAS will
not currently analyze composite blades or blades with internal
structure.

Structural module only contains a beam model. In the case of
high activity factor or low aspect ratio propellers, the existing
beam module would not be appropriate and a plate analysis would
be required.

Acoustic module (TPN) has been found to exhibit problems in
obtaining a converged solution to the retarded time equation for
some observation locations (see page 6-18).

Acoustic signature does not include the contribution from the
skin friction. Although SPN includes skin friction, it is
currently not transferred into the acoustic module.



(14) The aeroelastic capability is not integrated within GAPAS and
must be run as a stand-alone code.

(15) GAPAS can only be run on CDC computers in a batch mode.
(16) Current version of GAPAS does not contain a graphics capability.
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6. TASK 5: ANALYSIS SYSTEM VERIFICATION

6.1 PROPELLER TEST CASES

In order to verify the operation of the computer code, two calcula-
tions have been performed using GAPAS. The first, an advanced technology
SR-3 propeller, representative of a high-speed commercial transport, and
the second, a Hartzell 101/16 propeller, representative of a small,
moderate-speed general aviation aircraft. Although the original verifica-
tion task was to encompass a series of calculations for the above propel-
lers over various Mach numbers, advance ratios, and propeller pitch angles,
substantial time and resources were expended uncovering numerous problems
with functional modules that were acquired, as well as developed in-house,
and thus, resources allowed for only one operating condition for each
propeller.

In order to verify the operation of GAPAS and determine potential
problem areas, all the analysis capabilities incorporated in GAPAS were
exercised during the course of performing both calculations. In the case
of the SR-3 propeller, the interactive mode was utilized, wherein the
aerodynamics and structural modules were coupled together during the
calculation. In the case of the SR-3 propeller, the airfoil loading was
calculated using NACA 16 data banks, whereas, TRANSEP was used for the
101/16 propeller. In the acoustics calculation, SPN was used in the 101/16
calculation, whereas, TPN was used in the SR-3 calculation.

The results of the above calculation are described below. Comparisons
between the calculations and available data are also shown.

6.1.1 SR-3 Propeller Test Case

The SR-3 propeller is a 0.62-m (24.5-inch) diameter, variable pitch,
8-bladed advanced technology propeller (Figure 6.1-1). The blade is
composed of a series of NACA 16 airfoils in the region beyond 53 percent of
the blade radius, a NACA 65/CA series from the hub to the 37 percent blade
radius, and a transition region between the two families (Ref. 6.1-1).
Figure 6.1-2 describes details of the blade characteristics. The airfoil
sections are laid out along streamlines which vary from conical lines at
the spinner to cylindrical lines at the blade tip. Figure 6.1-3 shows the
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geometric sweep of the blade as a function of blade fractional radius. Due
to the conical nature of the flow near the spinner, a difference exists
between the effective aerodynamic sweep and the manufacturers geometric
sweep (Figure 6.1-3). A three view sketch of the SR-3 showing in-plane and
out-of-plane geometric sweep is shown in Figure 6.1-4.

The SR-3 propeller calculation was performed for the following operat-
ing conditions: (1) freestream Mach number Me = 0.8; (2) advance ratio
J = 3.06; (3) power coefficient, Cp = 1.71; and (4) sea level altitude.
The modules exercised during this calculation were (1) geometry generator;
(2) Jumper; (3) AIR 23 and NACA 16 data banks, (4) Chang-Sullivan; (5)
beam; and (6) TPN. Although the AIR 23 data bank is for a NACA 16 airfoil,
it does not contain the moment coefficient. Thus, it was necessary to
utilize the NACA 16 data bank to obtain this coefficient.

In the initial conception of GAPAS, the question arose of how to pro-
perly utilize the airfoil loading module for the cases of propellers that
involve sweep. From classical inviscid two-dimensional swept wing theory,
the 1ift depends on the normal Mach number and the airfoil section normal
to the leading edge. In the actual SR-3 propeller, the flow is three-
dimensional since the blade is swept both in-plane and out-of-plane as well
as being tapered (Figure 6.1-4) and is being generated from airfoil
sections that are not uniform along the blade. Without the aid of a
detailed three-dimensional Euler code capability for propellers, it was
recommended that the airfoil section be determined by a slice normal to the
quarter-chord at any particular radial station. An example of such a cut
is shown in Figures 6.1-5 through 6.1-7. Figure 6.1-5 shows the actual
camber line that is obtained by taking a slice perpendicular to the
quarter-chord 1ine at r/R = 0.5837. For the NACA 16 airfoil, the
coordinates of the camber line can be described by specifying the design
left coefficient, CL . The dashed line shows the shape of the camber line
of a NACA 16 airfoi]Dobtained by matching the value of the maximum ordinate
of the camber line. Note that results indicate that that airfoil obtained
by a slice perpendicular to the quarter-chord is nearly a NACA 16 airfoil
section. Figure 6.1-2 shows the input distribution of CL for the airfoil
sections along the blade. Since these airfoils are a]mos? laid in along
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cylindrical surfaces, the actual airfoil section laid in is shown by the
second dashed 1ine in Figure 6.1-5. Thus, 1t is apparent that
significantly different C_ and Cp will be computed depending on how the cut
Is made. Figures 6.1-6 and 6.1-7 show similar results at r/R = 0.7673 and
r/R = 0.855. The fact that the resulting airfoil sections obtained by
taking slices perpendicular to the quarter-chord are nearly NACA 16
sections may be fortuitous and requires further investigation. The ususal
increase in both camber and thickness to chord ratio of an airfoil normal
to the quarter chord line due to the shortened chord has been substantially
increased here and is primarily attributed to the twist of the SR-3
propeller blade.

Due to the uncertainty in the correct manner of choosing the airfoil
section, it was decided to use the AIR 23 data banks specifying the value
of CL as in Figure 6.1-1. However, if the proper airfoil section were
known? TRANSEP would have provided a more accurate calculation of CL, Cp
and Cp.

Once the propeller geometry is set up, the blade pitch angle at the
3/4 span station, f3/4, is specified. For this calculation F3/4 was set to
61.3 degrees. With the nacelle geometry specified the Jumper code is used
to calculate the flow field in the plane of the propeller. Figure 6.1-8
shows the results of the calculation for the SR-3. Here, W represents the
axial flow component and V is the radial flow component. As expected, the
results show the largest radial velocities to be in the hub region. The
resultant flow field in the plane of the propeller is then used as input to
the Chang-Sullivan performance module.

The Chang-Sullivan code was run using B3/4 = 61.30, The resultant Cp
did not exactly match the prescribed Cp = 1.71. Thus, the p3/4 was per-
turbed until a match on Cp was attained. A Ap of -0.80 produced this
match. However, a sensitivity study was performed in which the number of
trailing vortices were varied in order to determine the error in not utili-
zing sufficient bound vortex segments. Originally 11 trailing vortices
were used and then calculations using 13 and 16 trailing vortices were
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performed. The additional trailing vortices were incorporated in the
region of large curvature (i.e., in the region from forward sweep to rear-
ward sweep). The results of the calculations are shown in Figures 6.1-9
through 6.1-12. Figure 6.1-9 shows the resultant efficiency and power
coefficient as a function of Af measured from various reference values of
P3/4. The Chang-Sullivan results are referenced to the f3/4 = 61.39. The
terminology, number of segments, relates to the number of bound vortex
segments and is thus one less than the number of trailing vortices. The
results show that a sufficient number of trailing vortices are required to
produce reasonably accurate results. A change in the number of segments
not only changes the Af to match Cpe but the efficiency as well. Fifteen
segments match the power coefficient with a Af = -0.8, and match the
efficiency to within a few tenths of a percent. Note that 10 segments
match the Cp but the efficiency obtained is higher. Figures 6.1-10 and
6.1-11 show the calculated normal Mach number, C| and Cp distribution as a
function of blade spanwise position. Although the Mach number distribution
appears to vary substantially over the outer 50% of the blade, the scale in
Figure 6.1-10 has been expanded to cover the range of Mach numbers in the
outer portion of the blade between 0.76 and 0.88. In addition a comparison
of the elemental thrust coefficient (dCy/dX) and elemental power
coefficient (de/dx) between the Chang-Sullivan results and that of the
Goldstein methodology is shown in Figure 6.1-12.

In the non-interactive mode, the calculation first proceeds to the
acoustic module and then to the structural module. In the interactive
mode, the procedure is to proceed from the Chang-Sullivan module to the
structural module and back to he Chang-Sullivan module. This procedure
continues until a converged solution is obtained. At this point, the cal-
culation proceeds to the acoustic module to calculate the acoustic signa-
ture. The results of both modes of operation are discussed below.

In the non-interactive mode the calculation for the acoustic signature
was performed using TPN. This was necessary because the helical tip Mach
number was supersonic. Due to the uncertainty in the correct airfoil
shapes to use in the case of highly swept and twisted propellers, it was
decided to utilize the NACA 16 airfoil data banks instead of TRANSEP. 1In
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addition this would allow the airfoil data bank module to be checked for
proper data transfers. The use of the airfoil data banks poses somewhat of
a problem because only the C|, Cp, and Cyp are stored. Therefore, in order
to compute the required loading distribution, a simple parameterization was
developed. In this analysis the design 1ift coefficient is used to
determine the Cp based on the assumption that (Cp)upper = -(Cp)iower =
constant. This establishes the pressure distribution on the lower surface.
The total loading is defined in terms of a blade loading parameter, a, as
shown in Figure 6.1-13. Using the computed values of C_, the upper surface
Cp distribution is obtained. The calculation of the acoustic signature
used various values of the parameter a to determine the sensitivity to how
the loading was distributed. It is important to mention that the current
version of TPN in GAPAS does not include the contribution of the skin
friction to the acoustic signature. It is suspected that this would not be
a major contribution at the higher Mach numbers. However, although this
contribution is contained in the SPN code which is also part of GAPAS, the
current version of GAPAS does not transfer the skin friction to the
acoustic module.

Acoustic results for the helical tip Mach number 1.14 SR-3 near-field
case as calculated using the TPN acoustic module for the four pressure
transducer locations depicted in Figure 6.1-14 are shown in Figures 6.1-15
through 6.1-23. Figures 6.1-15 through 6.1-22 show acoustic pressure
signatures and overall noise spectra at each of the four transducer
locations. The 11 and 13 station blade description notations refer to the
number of spanwise stations utilized to calculate the blade loading, and
the parameter, a, define the assumed camber-line loading distribution (see
Section 6.1.1). Note that the results for the pressure signature at
Station No. 1 (Figure 6.1-15) does not show a single sinusoidal-type cyclic
behavior over one period as noted at the other stations (Figures 6.1-17,
6.1-19, 6.1-21) and theoretically anticipated. This is due to difficulties
with the iterative method utilized in TPN to solve the retarded time
equation. Instances in which this method results in an incorrect solution
are shown in Figures 6.1-24 and 6.1-25. Figure 6.1-24 exhibits a situation
wherein the initial guess for the solution was -3.40312 and the method
picks the oscillating root at -7.8999 as the solution after the iteration
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1imit is reached, whereas the correct solution root is -6.40. Figure
6.1-25 depicts a case where, even through the initial guess for the
solution was -3.7717, the method yields a final solution of +4.2245,
whereas the graphical solution is shown to be -5.55. Clearly, refinement
of the solution method is needed. Note however, that even though the
pressure signature is incorrectly predicted at Station 1, the first-
harmonic sound-pressure level is within about 2% of the measured data
(Figure 6.1-16).

Difficulties in solving the retarded-time equation were not
encountered at Stations 2, 3, and 4, and these results (Figures 6.1-17
through 6.1-22) show well-behaved pressure signatures. Comparison of
predicted noise-spectra with data show fair to good agreement for Stations
1, 2, and 3 (less than 15 dB), however Station 4 predictions show poor
comparison with data for harmonics 3-8.

In addition, the overall sound-pressure levels predicted by TPN
(Figure 6.1-23) show good-to-fair agreement with data depending on station
Tocation, and are relatively insensitive to blade-loading parameters.
Errors of 3-4 dB may be noted at the first two stations downstream at the
propeller plane (Stations 2 and 3, Figure 2.5-20), whereas errors on the
order of 10 dB are noted at the upstream and far downstream station
(Stations 1 and 4, respectively).

The structural dynamics characteristics of SR-3 propeller were also
analyzed. The SR3 propeller is composed of titanium, and the calculated
line of shear centers consists of a three-dimensional space curve (Figures
6.1-26 through 6.1-28). Three of the cross section profiles, which are
perpendicular to the line of shear centers, are presented in Figures 6.1-29
through 6.1-32. The finite element model consisted of 12 beam elements
(Figure 6.1-28).

The accuracy of the beam model depends on the line of shear centers
and the structural properties of the blade cross sections. Thus, errors
involved with the calculation of the structural constants will directly
affect the results of the structural dynamic analysis. The 1ine of shear
centers was determined by fitting a polynomial through all of the computed
shear center locations. Results of the predictions are compared with modal
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Figure 6.1-26. NASA SR-3 Advanced Turbopropeller
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Figure 6.1-27. SR-3 Structural Model Line of Shear Centers and Profiles
Perpendicular to line of Shear Centers
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Figure 6.1-28. Finite Element Model and Test Setup of NASA SR-3 Propeller
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tests of the SR-3 propeller. The modal test is based on using laser
holography techniques where the fringe patterns that appear on the blade
are the lines of constant displacement of the mode. The undeformed blade,
which is illuminated by laser light is shown in Figure 6.1-28.

The first four analytically derived (current finite element results)
and experimentally determined mode shapes are presented in Figures 6.1-33
through 6.1-36. The first two modes that were predicted using the finite
element model are the first and second flapwise bending modes of the SR-3
(6.1-33a, 6.1-34a). These calculated modes have the correct shape without
any twisting or edgewise bending effects coupled in. The first two
experimental modes (6.1-33b, 6.1-34b) clearly show the same type of
behavior, where the nodal line of the second mode is in the same
approximate location as the finite element prediction. The third mode that
was predicted via the finite element method was the first torsion mode of
the blade (6.1-35a). This mode has almost no deformation of the line of
shear centers, as seen in the figure, only relative twisting about this
Tine of shear centers, which cannot be seen in the figure. Similarly, the
third experimental mode (6.1-35b) is the first torsion mode of the SR-3,
where the blade is twisting about a nodal curve that runs along the length
of the blade. At the blade root, there appears to be additional
deformation which is a result of chordwise bending which cannot be
predicted by the current beam-type model. The fourth analytical mode
(6.1-36a) can be described as the third flapwise bending, where the blade
has two nodal lines in addition to the fixed root region. The experimental
(6.1-36b) fourth mode is clearly the third flapwise bending mode which has
no tip twisting, but it also has additional chordwise bending near the hump
and root. These additional effects cannot be predicted with the current
beam-type model.

A comparison of the predicted natural frequencies and the experimental
results for different operating speeds isre presented in the Campbell dia-
gram in Figure 6.1-37. For the condition of the nonrotating blade, the
experimental results are in agreement with the predicted results for the
first three modes. The experimental results for the higher modes do not
match as well due to the effects of chordwise bending that cannot be

01-154-86 6-39



A /7
j FIRST FLAT-WISE BENDING 4

1 / FIRST FLAT-WISE BENDING

/ A
{

T

NN
~

LINE OF SHEAR CENTERS ———>

A) CALCULATED FIRST MODE SHAPE

B) EXPERIMENTALLY OBTAINED FIRST MODE SHAPE

Figure 6.1-33. Comparison of Current Finite Element Predictions and
Experimental Results for the First Mode Shape of NASA
SR-3 Propeller
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Figure 6.1-34. Comparison of Current Finite Element Predictions and
Experimental Results for the Second Mode Shape of NASA
SR-3 Propeller
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LINEAR OF SHEAR CENTERS

A) CALCULATED THIRD MODE SHAPE

B) EXPERIMENTALLY OBTAINED THIRD MODE SHAPE

Figure 6.1-35, Comparison of Current Finite Element Predictions and
Experimental Results for the Third Mode Shape of the
NASA SR-3 Propeller
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Figure 6.1-36. Comparison of Current Finite Element Predictions and
Experimental Results for the Fourth Mode Shape of the
NASA SR-3 Propeller
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Figure 6.1-37. Comparison of Test and Predicted Natural Frequencies for
the NASA SR-3 (Campbell Diagram)
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accounted for with this finite element model. The effects of cross section
warping play an important part in correctly predicting the natural fre-
quencies of the blade. These warping effects lower the predicted natural
frequencies of the blade and are important for modeling the thin cross sec-
tions. The experimental results of the rotating blade (7000 and 8000 rpm)
also show very good correlation with the finite element model when the
effects of warping are included.

The results of the SR-3 calculations described above are based on the
single-pass mode of operation. In order to verify the interactive mode of
operation, the above calculation was repeated using the aerodynamic/
structural interaction option. In this mode, the method utilizes the
calculated structural deformation to generate a new propeller geometry.
This geometry is then utilized to calculate a new aerodynamic loading which
cycles back to the structural module for a new structural deformation.

This procedure continues until the deflected shape of the line of shear
centers does not change with iteration. In this mode, the geometry
generator, Chang-Sullivan, and the structural beam model are coupled in the
iteration process.

Figure 6.1-38 shows the results of the SR-3 propeller calculation
using the interaction mode. The calculations were run for three iterations
before being terminated due to non-convergence problems. The convergence
problem appears to be related to the reconstruction of the propeller in the
tip region during each iteration. Further investigation is necessary to
determine the exact cause of the problem. Therefore, at this time, the
interactive mode should not be utilized for propeller analysis.
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6.2 HARTZELL PROPELLER TEST CASE

As a second test case for the verification of GAPAS, a Hartzell 101/16
3-bladed propeller was utilized. The characteristics of this propeller are
shown in Figure 6.2-1. The propeller is generated using NACA 16 airfoils
sections in the outer region, Modified Clark Y sections in the mid-region,
and NACA 65 C/A sections in the hub region. The data available for use in
constructing the geometry of the propeller were limited. A scaled version
of the 101/16 propeller was used for generating the geometry. Seven
spanwise stations were provided. These stations were 0.175 m (6.901-inch),
0.261 m (10.282-inch), 0.347 m (13.662-inch), 0.433 m (17.042-inch),

0.519 m (20.423-inch), 0.604 m (23.803-inch), 0.690 m (27.183-inch). The
radius of the scaled propeller is 0.762 m (30 inch). Thus, the complete
propeller could not be generated, that is, nearly 0.076 m (3 inches) were
missing near the tip, while about 0.051 m (2 inches) were missing near the
hub. Since the acoustic data were available on the full-scale propeller
1.349 m (53-inch radius), all the dimensions were scaled up by the ratio
53/30, and the calculations performed for this configuration. Therefore,
the only comparison between predictions and data will be for the acoustic
signature. However, results will be presented for the non-interactive case
for the structural prediction.

The operating conditions for this comparison were: (1) My = 0.317;
(2) J = 1.52; (3) Cp = 0.244; (4) N = 1591 rpm; (5) f3/4 = 39.39; (6) 10000
feet altitude. These conditions correspond to a helical tip Mach number of
0.727. For this case, the airfoil data banks were replaced with TRANSEP,
wherein, the airfoil shape was obtained by taking cuts perpendicular to the
pitch change axis. In addition, SPN was used in place of TPN since the
flow over the blade was essentially subsonic.

The results of the acoustic calculation for the OASPL for the 101/16
propeller near-field conditions for the microphone location given in Figure
3.5-1 are shown in Figure 6.2-2. Here a comparison is shown between flight
data and the results of SPN using both Langley aerodynamics and GAPAS
aerodynamics. The OASPL results with the GAPAS aerodynamics are not in as
close agreement as that obtained using the Langley aerodynamics. There are
two basic differences between the aerodynamic modules. The first is that
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GAPAS replaces classical vortex theory with a vortex-lattice methbdo]ogy.
The second is that the airfoil loading Theodorsen methodology is replaced
with a transonic airfoil loading methodology. Since the match on power
coefficient in GAPAS {s determined by a varying P3/4, the fi3/4 obtained
using the Langley aerodynamics will not agree with the p3/4 obtained from
the GAPAS aerodynamics. Since no aerodynamic data on B3/4 for the full
scale propeller was available, an uncertainty exists in knowing which
method provides the more accurate P£374. In addition, the pressure and skin
friction as determined using both methods will not be in complete
agreement. Therefore, the above difference in methodology can lead to the
differences in OASPL as shown in Figure 6.2-2. Further comparisons with
available data are necessary to determine the accuracy of GAPAS aerodynamic
methodology.

Using the aerodynamic loading as previously calculated for the
acoustic results, the structural dynamics of the 101/16 propeller blade was
computed. The 101/16 is a straight conventional propeller blade that is
made out of 2025-T6 aluminum. The blade was modeled using 12 beam finite
elements that were placed along the straight line of shear centers, Figure
6.2-3. The Tine of shear centers and the modal test setup are shown in
Figure 6.2-4. Due to problems uncovered in the interactive mode for the
SR-3 propeller, it was decided to utilize the single pass mode only.

The first three mode shapes of the actual blade and those predicted by
the finite element model are presented in Figures 6.2-5 through 6.2-7.
Figures 6.2-5 and 6.2-6 clearly show excellent agreement between the pre-
dicted first and second flap modes and the experimental results. The
reason that the predicted modes appear in both views of the propeller is
that the blade is defined with a pitch angle that is not coincident with
the hub coordinates. The third mode that was predicted by the finite ele-
ment method is the first torsion mode of the blade and this is in agreement
with the experimental results. A Campbell diagram is presented in Figure
6.2-8 to show a comparison of the predicted natural frequencies and the
experimental results. The experimental data and the predicted results are
in very good agreement for the nonrotating blade. Experimental results do
not currently exist for the rotating blade.
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Figure 6.2-7. Comparison of Predicted and Experimental Third Mode
Shape for Hartzell 101/16 Propeller
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6.3 COMPUTER RESOURCES REQUIREMENTS

System verification has focused on the NASA-Hamilton Standard SR-3
propeller operating at My = 0.8 and the Hartzell 101/16 propeller operating
at My = 0.317. Computer resource requirements, namely CPU time and core
storage, are arrived at based on these studies. Table 6.3-1 sumarizes
these requirements. As mentioned previously, GAPAS is developed to operate
on the CDC computer under the NOS operating system. The total memory
requirement is 340K octal words which includes the executive system
routines, functional module, system routines, intrinsic functions, etc.
Processing the SR-3 and H101/16 test cases under similar conditions (i.e.,
single pass, 13 spanwise stations and same number of observers for
acoustics calculations) requires approximately 400 and 800 seconds of
execution, respectively. The basic difference in CPU time is due to the
fact that the airfoil data bank is used to build the drag polar for the
SR-3 case, while for the H101/16, TRANSEP is utilized to construct the drag
polar. It should be pointed out that the estimate for SR-3 is based on the
assumption that TPN runs without retarded time equation problems.

Table 6.2-1. GAPAS Limitations and Requirements

COMPUTER SYSTEM:

e (DC - NOS OPERATING SYSTEM
e MEMORY ~340,000 OCTAL WORDS
o CPU TIME (SEC) ~400 (SR3, SINGLE PASS)
13 STATIONS
~800 (H101/16, SINGLE PASS)
13 STATIONS

FUNCTIONAL MODULE REQUIREMENT:

MODULE CPUCSEC) MEMORY (OCTAL WORDS)
ATM ~1.0 ~1,000
GEOGEN 113.0 101.000
JUMPER 70.0 50,000
NACAl6 ~2.0 41,000
TRANSEP 11.0 73,000
PROPCHG 30.0 36,000
STRUC (EIGEN) 43.0 67,000 (40.000)
PLD 3.0 40,000
RBS 4.0 40,000
SPN 40.0 47,000
TPN 20 - 120 43,000
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7. RECOMMENDATIONS

The current version of GAPAS that has been installed on the NASA
Langley CDC 7600 Computer has inherent limitations due to limitations of
the analysis codes that have been incorporated in GAPAS. Although, all the
pertinent data communication links exist between the modules, the primary
concern is the inability of GAPAS to perform the aeroelastic analysis of
the propeller. However, as the aeroelastic analysis tool becomes available
it can be incorporated in GAPAS. It is also important to point out that
over the 4 years that the GAPAS computer program was being developed, new
analysis capabilities have become available. However, the intent of the
GAPAS design was to address this issue by developing the code in modular
form, such that, as newer inherently more sophisticated analysis tools
became available, they could replace the existing ones.

7.1 MODULE IMPROVEMENTS

Recommendations for module improvements, as well as the need for addi-
tional calculations and experimental data for further verification of
GAPAS, are discussed below.

7.1.1 Geometry Generator Module

The current version of the module is applicable only to solid blades
of one material. It is necessary to modify the code to include composites
and hollow structures.

7.1.2 Aircraft Flow Field Module

Although the Jumper code can calculate the 3-D flow field, it is an
incompressible panel method code and must be modified to account for com-
pressibility effects when analyzing propellers at high subsonic Mach
numbers.

7.1.3 Airfoil Loading Module

This module requires a study to determine the correct shape of the
airfoils for use in the airfoil loading module. In the case of a swept
propeller with varying airfoil sections, it is not clear as to how to per-
form the cut to obtain the airfoil to be analyzed. One method of resolving
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this problem is to calculate the flow field around the propeller uSing a
3-D Euler methodology. These results would then be compared with the
results of a 2-D Euler solver used along various cuts through the propeller
at prescribed radial stations. This study would address the pressure dis-
tribution. The skin friction contribution can be calculated using the same
methodology that is currently in GAPAS.

The current 2-D airfoil analysis code, TRANSEP, does not adequately
calculate the trailing edge separation. Therefore, it is recommended that
it be replaced with a 2-D Euler code, coupled to an integral boundary layer
method (i.e., Green's Lag Entrainment method), which properly accounts for
both strong and weak interaction effects, as well as being able to address
massive separation (cf. Ref. 7.1-1 to 7.1-5).

Finally, new airfoil family data banks (i.e., four-digit series) need
to be incorporated. Some of these can be developed using experimental data
while others can be developed using sophisticated computational fluid
dynamic analysis tools.

7.1.4 Propeller Performance Module

The version of the Chang-Sullivan code currently in GAPAS does not
include spinner-shank interference drag. In addition, the method is only
valid for axisymmetric flow conditions. Modifications are required to
incorporate the spinner-shank drag as well as a methodology such as in
Aljabri to account for non-axisymmetric effects. Finally, the code
requires modification to handle centerbodies as well as the incorporation
of a domain of influence/domain of dependence methodology to account for
supersonic effects.

7.1.5 Propeller Acoustic Module

During the calculation of the acoustic signature using TPN, non-
convergence problems arose in the retarded time equation. It is necessary
to correct these problems in the methodology. In addition, it is necessary
to incorporate the quadrupole noise source term in the basic equation.
Although both TPN and SPN can address unsteady loading effects, it has not
been checked out at this time. Finally, the effect on the noise signature
due to the inclusion of the skin friction loading needs to be investigated.
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7.1.6 Structural Analysis Module

The following are recommendations for the GAPAS beam-type structural
model. These recommendations are divided into two groups. The first group
is concerned with the verification of the current program. The second
group outlines possible future modifications to the code.

Verification of the Current Model

The current version of the GAPAS beam-type structural program has
undergone initial checkout by comparing model results with known exact
analytical and experimental solutions. These test cases included static
and dynamic, linear and nonlinear analyses of straight and curved beams.
The following analytical studies are recommended to further exercise the
program.

(1) Sensitivity studies of the structural dynamic analysis of an
advanced prop-fan. These studies would be used to assess the
sensitivity of the calculated results and the experimental
results to the following:

(a) Location of the line of shear centers: It is important to
understand how small perturbations in the calculated line of
shear centers affect the results. It is known that the
magnitude of the applied forces (i.e., aerodynamic and
centrifugal) and the structural behavior of the blade are
directly dependent on this location, since the line of mass
centers and the quarter-chord are referenced relative to
this line. This study would be helpful in assessing the
quality of the calculated results of the geometry
generator/shear center program.

(b) Cross section warping: Since these blades are extremely
wide and thin, there will be a sufficient amount of chord-
wise bending and cross section warping during the blade
deformation process. In order to use a one-dimensional
beam-type model, warping constants are used to capture these
effects. Studies done on thin flat plates by NASA Lewis
(Kaza) have shown that these constants are important, but
their model was not applied to cross sections of arbitrary
shape.

(c) Cross section definition: The current model includes all
effects for a blade with an arbitrary cross section. This
was included because it was assumed that sections which are
perpendicular to the Tine of shear centers may not resemble
airfoil sections or any other expected section. Many terms
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could be dropped from the program if it were determfned that
the blade was behaving with near-symmetric cross sections.

(d) Second-order nonlinear effects: The assessment of the
effects of the nonlinear terms would be an important study
that should be considered. These nonlinear terms are
responsible for coupling the in-plane centrifugal forces
with the out-of-plane stiffening of the blade.

(2) Comparison of the analytical results with experimental results
for a straight propeller: The experimental results would include
the following: (1) Measured deflections and stresses of a can-
tilevered propeller subjected to tip loads and tip moments. Two
separate sets of tip forces should be applied so that the blade
is loaded linearly and nonlinearly (i.e., small strains, finite
rotations). These results would be used to assess the quality
of the structural model (from the geometry generator/shear center
program) and some of the nonlinear terms. (2) Measured mode
shapes and frequencies of the cantilevered propeller can be used
to assess the quality of the dynamic modeling capabilities of the
code (i.e., checkout of dynamic portion of beam model and ability
of the geometry generator to model the mass axis correctly). (3)
Measured tip deflections and rotations, blade stresses, mode
shapes, and natural frequencies of the rotating propeller in a
vacuum chamber. This study can be used to check out the coupling
of the nonlinear effects with the centrifugal forces without
being concerned about the aerodynamic loads. (4) Apply aero-
dynamic loads to the rotating blade and measure deflections and
rotations. This can be used to assess the effects of the aero-
dynamic forces and the calculated line of quarter-chords from the
geometry generator.

(3) Repeat Step (2) for a swept blade. This would check out the
capability of the model to analyze swept propellers that include
large geometric coupling effects.

Future Modifications to the Code

The current version of the beam-type structural model in the GAPAS
program includes everything that is required for performing the static and
structural dynamic analysis of any isotopic rotating blade with an arbi-
trary shape. The next step would be to include the capability of analyzing
blades that are composed of generally anisotopic materials (i.e., composite
construction). Since most of the materials that are being used in conven-
tional and advanced propellers behave in a nonisotopic manner, it is impor-
tant that the analysis procedure also includes these capabilities. The
current beam-type program could be modified for composite material analysis
by deriving the additional linear and nonlinear terms associated with the
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nonisotopic material behavior. Anisotopic material coupling constants are
used to describe the behavior of the blade. A composite shear center model
that is capable of analyzing the composite blade cross sections is also
required to generate the shear center location and all of the anisotopic
material coupling constants. Both of these analysis procedures have
already been derived by Kosmatka (Ref. 7.1-6). The geometry generator
would have to be extensively modified to include additional input
parameters such as ply angle definitions, number of composite wraps, spar
location, etc.

7.1.7 Aeroelasticity Module

Since GAPAS currently does not have an aeroelastic capability, this is
the highest priority item in completing the unified analysis system. This
will require the completion of the verification of the applicability of the
G400 PROP code as a tool for analyzing advanced technology propellers. If
G400 PROP proves to be unreliable for these propellers, a task should be
undertaken to combine the existing beam theory with an unsteady aerodynamic
model which will fit into GAPAS in the manner that the other modules are
incorporated.

7.1.8 Option Module

Incorporation of a limited design option module is necessary to design
propellers subject to specified constraints.

7.2 ADDITIONAL CALCULATIONS

The verification of GAPAS undertaken in Task 5 was limited due to
available resources. It is necessary to investigate other operating condi-
tions of the SR-3 propeller wherein aerodynamic, acoustic and structural/
aeroelastic data are available, as well as other propellers for which vari-
ous data exist (i.e., SR-2, SR-5).

Problems still exist in obtaining a converged solution in the
interactive mode. Additional calculations are required to correct this
deficiency.

The current beam-type finite element analysis program will accurately
predict the deflections and vibration modes of straight and moderately
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swept propellers (high aspect ratios), however, it cannot predict’chordwise
deformation and local edge stresses which are clearly important for blades
with low aspect ratios or high activity factors (prop-fans). This is a
result of the blade being modeled with a one-dimensional moderate
deflection structural theory that takes into account the warping of the
cross section in an approximate manner. In order to accurately analyze low
aspect blades, a plate- or shell-type finite element approach is required
and is currently being developed. This model includes the following
capability:

(1) Full two-dimensional moderate deflection structural theory that
includes allowances for large rotational deflections (von Karman
strains), transverse shear strains in either a first order
(Mindlin, Reissner) or refined manner, and laminated composite
materials.

(2) Derivation of compatible aerodynamic and inertia loads, including
the Coriolis and centrifugal effects, that are compatible with
the nonlinear structural theory.

(3) Development of the corresponding linear and nonlinear finite
elements matrices, so that the resulting elements do not suffer
from “shear locking" and are numericallys table (i.e., full
numerical integration only). This is imperative for the modeling
of low aspect blades where the elements must be extremely thick
near the blade root and extremely thin at the tip. Elements are
developed using an isoparametric formulation with a variable
thickness at each node.

(4) The resulting elements will be incorporated in the existing beam-
type finite element program, where the code must be modified to
aliow for additional utility items (i.e., bandwidth minimizer,
out-of-core solvers, etc.) and for the additional storage
requirements associated with the large model sizes.

(5) The current GAPAS geometry generator must be modified to
correctly supply the blade information at specific spanwise and
chordwise locations. This data would include the blade
thickness, laminate ply definitions/structural properties, and
airloads.

(6) An appropriate aeroelastic module for the plate module could be
developed by either expanding strip theory for the two-
dimensional structural theory or more accurately by incorporating
a double-lattice approach.
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